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1.0  INTRODUCTION 


The  continuing  under-utilization  of  adhesive  joints  in  the  mihtary  and  commercial  aerospace 

structures  is  a  well-recognized  fact.  Although  adhesive  joints  offer  distinct  advantages  over 

riveted  joints  in  terms  of  weight  savings,  structural  integrity  and  design  flexibility,  there  is  a 

general  lack  of  confidence  in  their  use.  This  is  primarily  caused  by  insufficient  understanding  of 

the  science  behind  the  environmental  effects  on  adhesive  joints,  including  bondline  interfaces. 

These,  in  turn,  create  expensive  repercussion  on  the  aerospace  industry  while  placing  undue  limits 

on  the  entire  adhesives  technology  base.  To  remedy  this,  a  strong  initiative  has  immerged  (led  by 
%- 

the  AFOSR)  aimed  at  the  development  of  a  new  generation  of  adhesives,  environmentally-friendly 
surface  preparation  methods  and  novel  inspection  techniques  capable  of  detecting  subtle,  “pre¬ 
damage”  changes  in  the  chemical  and  physical  properties  of  adhesives,  i.e.,  the  changes  that 
precede  the  formation  of  craeks  that  lead  to  the  degradation  of  joint.  In  fact,  the  development  of  a 
methodology  for  non-destructive  monitoring  of  the  effect  of  environmental  factors  on  the 
adhesively  bonded  joints  in  the  pre-damage  stage  has  been  identified  as  critical  to  the  successful 
inception  of  a  new  adhesives  technology  base. 

The  principal  prerequisite  for  a  successful  development  and  implementation  of  a  non  destructive 
inspection  (NDI)  technique  capable  of  detecting  the  pre-damage  changes  in  bonded  joints  that 
translate  to  degradation  in  joint  integrity,  is  an  understanding  of  the  underlying  science. 

The  chemo-physical  properties  of  adhesive  joints  change  with  time  in  service  and  the  type  and 
severity  of  the  aggressive  environment.  The  term  “aggressive”  is  used  here  to  stress  that  every 
service  environment  will  have  an  adverse  affect  (though  on  a  different  time-scale)  on  the 
properties  of  the  bondline.  For  example,  the  degradation  of  a  bondline  exposed  to  an  aqueous 


1 


environment  begins  from  the  moment  water  molecules  enter  the  adhesive.  Current  inspection 
methods  are  suitable  for  the  detection  of  delamination  and  loss  of  adhesion,  which  occurs  when 
water  eventually  diffuses  through  the  adhesive  and  reaches  the  adhesive-adherend 
interface/interpahse  where  corrosion  initiates.  The  focus  of  this  study,  however,  is  on  the 
chemical  and  physical  changes  in  the  adhesive  on  a  molecular  level  in  the  early,  pre-damage  stage 
that  precedes  microcracking  and  delamination,  because  that  phase  holds  key  to  the  understanding 
of  the  initiation  and  propagation  of  failure.  The  molecular  picture  of  these  events  is  far  from 
complete  and  numerous  questions  remain  unresolved.  In  what  form  (free,  cluster,  complexes  etc.) 
does  moisture  exist  in  the  adhesive?  How  does  moisture  interact  with  the  host  matrix  and  what 
effect  does  it  have  on  the  local  dynamics  and  various  properties?  What  is  the  nature  of  other 
migrating  charges,  extrinsic  (e.g.,  ionic  impurities)  and/or  intrinsic  (e.g.,  hydrogen  bond  paths)  in 
the  adhesive  and  how  these  interact  with  moisture?  What  chemical  changes  (e.g.,  reactions)  occur 
in  the  adhesive  and  do  they  include  polymeric  chains,  moisture,  other  migrating  charges, 
complexes  etc.?  What  are  the  kinetics  of  all  those  events?  What  are  the  effects  of  temperature, 
pressure  and  relative  humidity  of  the  environment? 

Let  us  now  revert  our  attention  to  the  major  theme  of  the  work  presented  here-  elucidation  of  the 
fundamental  science  that  describes  the  effect  of  environment  on  the  microstructure  and  chemo- 
physical  prope^es  of  adhesively  bonded  joints  in  the  pre-damage  stage.  An  essential  condition 
that  must  be  satisfied  in  a  study  of  this  kind  is  the  ability  to  detect  physical  and  chemical  changes 
on  a  molecular  level.  The  time  scales  of  molecular  dynamics  that  characterize  the  physics  of 
adhesive  joints  range  from  picoseconds  for  segmental  motions  in  the  bulk  to  minutes  or  hours  for 
reactions  at  interfaces,  but  it  is  the  rapid  (high-frequency)  actions  that  are  crucial  here.  Another 
important  consideration  is  that  in-situ  real-time  non-destructive  measurements  be  used  to 
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determine  the  on-set  of  failure  (in  addition  to  the  various  destructive  and  post-failure  analyses  that 
provide  only  an  indirect  insight  into  the  temporal  evolution  of  the  chemo-physical  changes  in 
adhesive  joints).  The  dielectric  relaxation  spectroscopy  (DRS)  and  Fourier  Transform  Infrared 
(FTIR)  spectroscopy  are  well-established  non-destructive  experimental  techniques,  and  were 
extensively  utilized  in  the  present  work  for  probing  physical  and  chemical  changes  in  adhesives 
on  a  molecular  scale. 

1.1  Bacl^round  Information 

Numerous  authors  [1-6]  have  studied  the  effect  of  environmental  exposure  on  adhesive  joints. 
The  vast  majority  of  those  reports  are  based  on  (destructive)  mechanical  tests  that  are  often 
followed  by  a  microscopic  investigation  of  fracture  surfaces  aimed  at  elucidating  the  locus  of 
failure.  Such  studies,  however,  offer  little  direct  information  about  the  evolution  of  chemical  and 
physical  changes  in  adhesives  during  exposure  to  an  aggressive  environment.  The  reported 
dielectric  measurements  of  adhesively  joints  exposed  to  aggressive  environments  were  performed, 
as  a  rule,  at  lower  frequencies  and  were  directed  towards  an  understanding  of  the  effect  of  charge 
migration  on  resistivity  and/or  the  mechanism  and  kinetics  of  chemical  reactions  at  the  polymer- 
metal  interface  that  cause  corrosion  [7-11]. 

The  action  of  the  aggressive  environment  causes  chemical  and  physical  changes  in  the  adhesive  on 
a  molecular  level.  The  physical  changes  encompass  molecular  motions,  mobility,  relaxations, 
dynamics,  etc.  Chemical  changes  relate  to  the  chemical  state  of  the  matter,  chemical  interactions 
that  include  hydrogen-bonded  complexes,  etc.  The  effect  of  absorbed  moisture  on  molecular 
mobility  and  relaxations  in  the  glassy  state  (physical  aspect)  is  instantaneous  but  it  can  be  detected 
only  with  an  appropriate  technique,  such  as  (high  frequency)  DRS.  Consider,  for  example,  that 


3 


water  at  20°C  has  a  dielectric  loss  peak  at  about  20  GHz,  which  corresponds  to  the  relaxation  time 
of  9  picoseconds  (1  ps  =  lO'^^s),  and  although  the  bulk  of  the  adsorbed  moisture  in  the  adhesive  is 
more  likely  to  form  hydrogen-bonded  complex  with  the  matrix,  such  relaxation  process  are  still 
very  fast  and  have  been  shown  (see  phase  I  results)  to  take  place  at  frequencies  above  1  MHz.  A 
comprehensive  dielectric  study  of  the  dynamics  of  such  interactions,  however,  has  not  been 
reported  hitherto  in  the  literature.  A  rare  example  of  the  use  of  high-frequency  dielectric 
measurements  to  study  moisture  absorption  in  adhesive  joints  is  the  work  of  Pethrick  and 
coworkers  [12-14],  though  their  efforts  have  not  focused  on  the  underlying  molecular  mechanism. 
Instead,  the  main  thrust  of  their  work  was  aimed  at  the  development  of  a  field-operable  non¬ 
destructive  inspection  (NDI)  tool  based  on  DRS.  It  is  clear,  however,  that  the  success  of  their 
efforts  hinges  upon  a  through  understanding  of  the  relevant  science,  and  hence  our  approaches  are 
complementary.  It  is  also  worth  noting  that  an  excellent  series  of  studies  of  water  dynamics  in 
biopolymers  (DNA,  proteins)  by  time  domain  reflectometry  was  reported  by  Mashimo  and 
coworkers  [15-17]. 

1.2  Research  Objectives 

The  Principal  objective  of  the  present  work  is  to  perform  scientific  investigation  of  the  correlation 
of  high  frequency  dielectric  measurements  and  chemical  and  physical  changes  in  the  adhesively 
bonded  joints  pnor  to  damage  initiation.  Specifically,  the  technical  objectives  are: 

a)  to  determine  whether  or  not  Dielectric  Relaxation  Spectroscopy  (DRS),  in  conjunction 
with  Fourier  Transform  Infrared  Spectroscopy,  could  be  used  as  a  viable  NDE  technique 
to  evaluate  the  pre-damage  state  of  adhesively  bonded  joints  exposed  to  an  aggressive 
hygrothermal  environment 
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1.0  INTRODUCTION 


The  continuing  under-utilization  of  adhesive  joints  in  the  military  and  commercial  aerospace 
structures  is  a  well-recognized  fact.  Although  adhesive  joints  offer  distinct  advantages  over 
riveted  joints  in  terms  of  weight  savings,  structural  integrity  and  design  flexibility,  there  is  a 
general  lack  of  confidence  in  their  use.  This  is  primarily  caused  by  insufficient  understanding  of 
the  science  behind  the  environmental  effects  on  adhesive  joints,  including  bondline  interfaces. 
These,  in  turn,  create  expensive  repercussion  on  the  aerospace  industry  while  placing  undue  limits 
on  the  entire  adhesives  technology  base.  To  remedy  this,  a  strong  initiative  has  immerged  (led  by 
the  AFOSR)  aimed  at  the  development  of  a  new  generation  of  adhesives,  environmentally-friendly 
surface  preparation  methods  and  novel  inspection  techniques  capable  of  detecting  subtle,  “pre¬ 
damage”  changes  in  the  chemical  and  physical  properties  of  adhesives,  i.e.,  the  changes  that 
precede  the  formation  of  cracks  that  lead  to  the  degradation  of  joint.  In  fact,  the  development  of  a 
methodology  for  non-destructive  monitoring  of  the  effect  of  environmental  factors  on  the 
adhesively  bonded  joints  in  the  pre-damage  stage  has  been  identified  as  critical  to  the  successful 
inception  of  a  new  adhesives  technology  base. 

The  principal  prerequisite  for  a  successful  development  and  implementation  of  a  non  destructive 
inspection  (NDI)  technique  capable  of  detecting  the  pre-damage  changes  in  bonded  joints  that 
translate  to  degradation  in  joint  integrity,  is  an  understanding  of  the  underlying  science. 

The  chemo-physical  properties  of  adhesive  joints  change  with  time  in  service  and  the  type  and 
severity  of  the  aggressive  environment.  The  term  “aggressive”  is  used  here  to  stress  that  every 
service  environment  will  have  an  adverse  affect  (though  on  a  different  time-scale)  on  the 
properties  of  the  bondline.  For  example,  the  degradation  of  a  bondline  exposed  to  an  aqueous 
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environment  begins  from  the  moment  water  molecules  enter  the  adhesive.  Current  inspection 
methods  are  suitable  for  the  detection  of  delamination  and  loss  of  adhesion,  which  occurs  when 
water  eventually  diffuses  through  the  adhesive  and  reaches  the  adhesive-adherend 
interface/interpahse  where  corrosion  initiates.  The  focus  of  this  study,  hojyever,  is  on  the 
chemical  and  physical  changes  in  the  adhesive  on  a  molecular  level  in  the  early,  pre-damage  stage 
that  precedes  microcracking  and  delamination,  because  that  phase  holds  key  to  the  understanding 
of  the  initiation  and  propagation  of  failure.  The  molecular  picture  of  these  events  is  far  from 
complete  and  numerous  questions  remain  unresolved.  In  what  form  (free,  cluster,  complexes  etc.) 
does  moisture  exist  in  the  adhesive?  How  does  moisture  interact  with  the  host  matrix  and  what 
effect  does  it  have  on  the  local  dynamics  and  various  properties?  What  is  the  nature  of  other 
migrating  charges,  extrinsic  (e.g.,  ionic  impurities)  and/or  intrinsic  (e.g.,  hydrogen  bond  paths)  in 
the  adhesive  and  how  these  interact  with  moisture?  What  chemical  changes  (e.g.,  reactions)  occur 
in  the  adhesive  and  do  they  include  polymeric  chains,  moisture,  other  migrating  charges, 
complexes  etc.?  What  are  the  kinetics  of  all  those  events?  What  are  the  effects  of  temperature, 
pressure  and  relative  humidity  of  the  environment? 

Let  us  now  revert  our  attention  to  the  major  theme  of  the  work  presented  here-  elucidation  of  the 
fundamental  science  that  describes  the  effect  of  environment  on  the  microstructure  and  chemo- 
physical  properties  of  adhesively  bonded  joints  in  the  pre-damage  stage.  An  essential  condition 
that  must  be  satisfied  in  a  study  of  this  kind  is  the  ability  to  detect  physical  and  chemical  changes 
on  a  molecular  level.  The  time  scales  of  molecular  dynamics  that  characterize  the  physics  of 
adhesive  joints  range  from  picoseconds  for  segmental  motions  in  the  bulk  to  minutes  or  hours  for 
reactions  at  interfaces,  but  it  is  the  rapid  (high-frequency)  actions  that  are  crucial  here.  Another 
important  consideration  is  that  in-situ  real-time  non-destructive  measurements  be  used  to 
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determine  the  on-set  of  failure  (in  addition  to  the  various  destructive  and  post-failure  analyses  that 
provide  only  an  indirect  insight  into  the  temporal  evolution  of  the  chemo-physical  changes  in 
adhesive  joints).  The  dielectric  relaxation  spectroscopy  (DRS)  and  Fourier  Transform  Infrared 
(FTIR)  spectroscopy  are  well-established  non-destructive  experimental  techniques,  and  were 
extensively  utilized  in  the  present  work  for  probing  physical  and  chemical  changes  in  adhesives 
on  a  molecular  scale. 

1.1  Bacl^round  Information 

Numerous  authors  [1-6]  have  studied  the  effect  of  environmental  exposure  on  adhesive  joints. 
The  vast  majority  of  those  reports  are  based  on  (destructive)  mechanical  tests  that  are  often 
followed  by  a  microscopic  investigation  of  fracture  surfaces  aimed  at  elucidating  the  locus  of 
failure.  Such  studies,  however,  offer  little  direct  information  about  the  evolution  of  chemical  and 
physical  changes  in  adhesives  during  exposure  to  an  aggressive  environment.  The  reported 
dielectric  measurements  of  adhesively  joints  exposed  to  aggressive  environments  were  performed, 
as  a  rule,  at  lower  frequencies  and  were  directed  towards  an  understanding  of  the  effect  of  charge 
migration  on  resistivity  and/or  the  mechanism  and  kinetics  of  chemical  reactions  at  the  polymer- 
metal  interface  that  cause  corrosion  [7-11]. 

The  action  of  the  aggressive  environment  causes  chemical  and  physical  changes  in  the  adhesive  on 
a  molecular  level.  The  physical  changes  encompass  molecular  motions,  mobility,  relaxations, 
dynamics,  etc.  Chemical  changes  relate  to  the  chemical  state  of  the  matter,  chemical  interactions 
that  include  hydrogen-bonded  complexes,  etc.  The  effect  of  absorbed  moisture  on  molecular 
mobility  and  relaxations  in  the  glassy  state  (physical  aspect)  is  instantaneous  but  it  can  be  detected 
only  with  an  appropriate  technique,  such  as  (high  frequency)  DRS.  Consider,  for  example,  that 
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water  at  20°C  has  a  dielectric  loss  peak  at  about  20  GHz,  which  corresponds  to  the  relaxation  time 
of  9  picoseconds  (1  ps  =  lO'^^s),  and  although  the  bulk  of  the  adsorbed  moisture  in  the  adhesive  is 
more  likely  to  form  hydrogen-bonded  complex  with  the  matrix,  such  relaxation  process  are  still 
very  fast  and  have  been  shown  (see  phase  I  results)  to  take  place  at  frequencies^bove  1  MHz.  A 
comprehensive  dielectric  study  of  the  dynamics  of  such  interactions,  however,  has  not  been 
reported  hitherto  in  the  literature.  A  rare  example  of  the  use  of  high-frequency  dielectric 
measurements  4o  study  moisture  absorption  in  adhesive  joints  is  the  work  of  Pethrick  and 
coworkers  [12-14],  though  their  efforts  have  not  focused  on  the  underlying  molecular  mechanism. 
Instead,  the  main  thrust  of  their  work  was  aimed  at  the  development  of  a  field-operable  non¬ 
destructive  inspection  (NDI)  tool  based  on  DRS.  It  is  clear,  however,  that  the  success  of  their 
efforts  hinges  upon  a  through  understanding  of  the  relevant  science,  and  hence  our  approaches  are 
complementary.  It  is  also  worth  noting  that  an  excellent  series  of  studies  of  water  dynamics  in 
biopolymers  (DNA,  proteins)  by  time  domain  reflectometry  was  reported  by  Mashimo  and 
coworkers  [15-17]. 

1.2  Research  Objectives 

The  Principal  objective  of  the  present  work  is  to  perform  scientific  investigation  of  the  correlation 
of  high  frequency  dielectric  measurements  and  chemical  and  physical  changes  in  the  adhesively 
bonded  joints  prior  to  damage  initiation.  Specifically,  the  technical  objectives  are: 

a)  to  determine  whether  or  not  Dielectric  Relaxation  Spectroscopy  (DRS),  in  conjunction 
with  Fourier  Transform  Infrared  Spectroscopy,  could  be  used  as  a  viable  NDE  technique 
to  evaluate  the  pre-damage  state  of  adhesively  bonded  joints  exposed  to  an  aggressive 
hygrothermal  environment 
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b)  Developing  fundamental  correlations  between  the  measured  dielectric  and  infrared 

response,  and  the  chemical  and  physical  changes  in  the  pre-damage  stage  (i.e.,  before 
cracks  and  voids  lead  to  degradation)  in  a  series  of  adhesive  joints  with  different  chemical 
structures,  exposed  to  aggressive  environments,  * 

c)  Performing  mechanical  testing  of  double-notch  shear  bonded  joints  exposed  to  aggressive 
environmental  conditions.  Experimentally  determine  the  effects  of  severe  environment  on 
bonded joint  strength  and  failure  modes,  and 

d)  To  correlate  the  measured  dielectric  and  infrared  response  and  the  mechanical  strength 
degradation  of  various  adhesive- substrate  systems. 

1.3  Overview  of  the  Study 

This  study  is  divided  into  six  sections.  Section  1  includes  a  general  introduction  and  the 
objectives  for  the  present  research.  Section  2  deals  with  the  dielecetric  relaxation  spectroscopy 
and  FTIR  characterization  of  aluminum/model  epoxy  and  aluminum/FM-73U  adhesively  bonded 
joints.  Section  3  deals  with  the  dielecetric  relaxation  spectroscopy  and  FTIR  characterization  of 
aluminum/bismaleimide  bonded  joints.  Section  4  deals  with  the  influence  of  environments  on  the 
strength  and  durability  of  adhesively  bonded  joints.  The  correlation  between  mechanical  test 
results  with  dielectric  relaxation  data  is  also  discussed  in  Section  4.  The  finite  element  analysis  of 
adhesively  bonded  joints  is  discussed  in  section  5.  The  important  findings  of  the  present  work  are 
summarized  in  section  6. 
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:TRIC  relaxation  spectroscopy  of  FM-73U  AND  MODEL 

,ects  of  chemical  and  physical  changes  in  adhesive  joints  caused  by  absorbed 
investigated.  The  focus  was  on  the  pre-damage  stage  that  precedes  the  formation 
microcracks.  A  model  and  a  commercial  epoxy-amine  formulation  were  studied, 
cs  were  monitored  by  broad-band  dielectric  relaxation  spectroscopy  (DRS).  One 
absorbed  water  does  not  form  hydrogen  bonds  with  the  network  and  gives  nse  to  a 
1  process  (termed  y)  with  aXation  energy  of  28  kJ/mol.  The  local  P  dynamics  are 
by  the  interactions  between  water  and  various  sites  on  the  network  that  include  the 
,  the  hydroxyl  group  and  the  tertiary  amine  nitrogen.  One  particularly  significant 
at  the  average  relaxation  time  for  the  p  process  above  20"C  is  of  the  order  of 
or  less,  and  hence  its  detection  hinges  on  the  abiUty  to  perform  high  precision  DRS 
s  above  1  MHz.  This  is  an  important  consideration  in  the  ongoing  efforts  aimed  at 
ntation  of  DRS  as  non-destructive  inspection  (NDI)  tool  for  adhesive  joints, 
of  cyanate  ester  resins  and  bismaleimide  resins  are  in  progress. 

uction 

il  and  physical  changes  in  adhesive  joints  in  service  occur  at  a  rate  that  depends  on 
1  severity  of  the  aggressive  environment  (we  use  term  “aggressive”  to  stress  that 
mment  will  have  some  effect  on  the  bondline,  though  on  a  different  time  scale), 
langes  relate  to  the  chemical  state  of  the  matter,  as  defined  by  the  composition  and 
teractions  (e.g.,  complex  formation,  hydrogen  bonding),  while  physical  changes 
the  variations  in  molecular  motions  and  mobiUty,  relaxation  dynamics,  etc.  The 
the  studies  reported  hitherto,  however,  have  been  concerned  with  the  effect  of 


moisture  on  macroscopic  (bulk)  properties  and  the  detection  of  delamination  and  loss  of 
adhesion  that  occur  when  water  eventually  diffuses  through  the  adhesive  and  reaches  the 
adhesive/adherend  interface/interphase*'".  Our  interest  focuses  on  the  molecular  events  in  glassy 
adhesives  in  the  pre-damage  stage,  where  numerous  fundamental  questions  remain  unanswered. 
In  what  form  (single  molecules,  dimers,  trimers,  complexes)  the  absorbed  water  resides  in  the 
adhesive?  How  does  water  interact  with  the  host  matrix  and  what  effect  that  has  on  the  local 
dynamics?  What  are  the  effects  of  the  temperature,  pressure  and  relative  humidity  of  the 
environment?  It  is  expected  that  the  knowledge  gained  in  this  program  will  usher  the  way  for  the 
development  of  methodology  that  can  predict  the  course  of  subsequent  degradation  and  thus 
anticipate  failure. 

There  is  paucity  of  information  about  the  effect  of  absorbed  moisture  on  the  local  dynamics  in 
glassy  adhesives.  Difficulties  arise  because  the  time  scale  of  molecular  motions  that  characterize 
local  dynamics  in  these  materials  can  be  as  fast  as  few  picoseconds,  and  an  experimental 
technique  operable  at  high  frequency  (where  fast  processes  are  observed)  and  adaptable  to 
adhesive  configuration  is  needed.  Broad-band  dielectric  relaxation  spectroscopy  (DRS)  is  one 
method  that  meets  those  requirements.  The  interpretation  of  DRS  data  on  a  molecular  level  can 
be  greatly  aided  by  the  use  of  a  complementary  technique  capable  of  providing  information  in 
real  time  about  the  chemical  state  of  the  matter.  Of  such  techniques,  Fourier  Transform  Infrared 
Spectroscopy  (FTIR)  represents  the  most  attractive  choice  because  of:  1)  the  unmatched  wealth 
of  the  information  about  the  chemical  state  of  the  matter  contained  in  the  infrared  portion  of  the 
electromagnetic  spectrum,  2)  the  adaptability  of  near-IR  (NIR)  to  remote  (fiber-optic)  in-situ  real 
time  application,  and  3)  the  possibility  of  using  NIR  for  NDI.  The  combined  use  of  DRS  and 
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NIR  spectroscopy  is  designed  to  afford  a  simultaneous  examination  of  physical  (DRS)  and 
chemical  (FTIR)  changes  at  a  molecular  level  in  adhesive  joints  exposed  to  an  aggressive 
environment. 


2.2  Theoretical  Background 

In  an  isotropic  amorphous  system,  with  negligible  internal  field  factors,  dielectric  permittivity  is 

12 

related  to  the  dipole  moment  correlation  function  by  a  Fourier  transformation: 


- — — — —  =  l-iG)\  [exp{- i(Ot)^(t)dt 

eo-e^  ^  ^  (1) 

where  eo  is  the  limiting  low-frequency  value  of  the  dielectric  permittivity,  £<»  is  the  limiting 
high-frequency  dielectric  permittivity,  ®  is  angular  frequency,  and  d>(t)  is  the  relaxation  kernel 
that  can  be  obtained  from  the  dipole  correlation  function:*^ 


N  N 


=  - r 


(2) 


where  p,,  (0)  and  pi  (t)  denote  the  elementary  dipole  moment  of  a  molecule  i  at  time  t=0  and  t, 
respectively.  The  correlation  function  expressed  in  this  form  takes  into  account  both  equilibrium 
and  dynamic  angular  correlations  between  molecules.  The  relaxation  kernel,  <h(t),  (eqs  1  and  2) 
is  often  quantified  via  a  stretched  exponential  function  of  the  Kohlrausch- Williams- Watts 
(KWW)  type: 


0(0 

where  C  is  a  constant,  x  is  the  relaxation  time  and  p  is  the  stretching  exponent  ranging  form  0  to 
1.  The  KWW  function  is  commonly  used  to  describe  the  (skewed)  a  process  in  the  isotropic 
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state.  The  relaxation  kernel  can  be  also  evaluated  from  the  experimental  data.  To  do  that  it  is 
sufficient  to  use  only  one  portion  of  the  permittivity,  real  or  imaginary,  in  eq  1,  since  they  are 
related  by  the  Kramers-Kronig  transform.  For  example,  by  taking  the  imaginary  part  of  the 
Fourier  transform  of  eq  1  we  obtain: 

2  f“  £"(0))  cos(o)t)  , 

— - dco  (A-) 

In  our  earlier  studies,  however,  instead  of  transforming  the  frequency  domain  dielectric  data  into 
the  time  domain  using  a  discrete  Fourier  transform,  where  spectral  features  may  be  truncated,  we 
would  transform  the  relaxation  kernel  ^(t)  into  the  frequency  domain,  using  the  technique 
described  by  Dishon  et  al.'^  and  then  fit  the  experimental  data  to  the  transformed  kernel  with 
appropriate  parameters.  Alternatively,  e*  may  be  modeled  by  a  number  of  empirical  functions  in 
the  frequency  domain;  a  particularly  popular  and  robust  form  is  the  Havriliak-Negami^®  (HN) 
function  given  as; 


E*(a))  = 


.  <J 

+  z - 

tOEv 


(5) 


where  a  and  b  are  the  dispersion  shape  parameters,  a  is  the  conductivity,  Ev  is  the  vacuum 
permittivity,  and  the  other  parameters  are  defined  in  eq  1 .  The  HN  equation  is  a  generalization  of 
the  Cole-Cole  (CQ  equation,  to  which  it  reduces  for  b=l,  and  a  generalization  of  the  Cole- 
Da  vidson  (CD)  equation,  to  which  it  reduces  for  a=l.  HN  and  CC  functional  forms  were 
employed  in  this  study  to  describe  local  dynamics. 


2.3  Experimental  Materials 

Two  multifunctional  epoxy-amine  formulations  were  investigated:  a  model  system  and  a 
commercial  system.  The  model  system  consisted  of  diglycidyl  ether  of  Bisphenol  A  or  DGEBA 
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(Aldrich  Chem.  Co.)  and  methylene  dianiUne  or  MDA  (Aldrich  Chem.  Co.).  The  stoichiometric 
amounts  of  epoxy  groups  and  amine  hydrogen  were  used  and  the  components  were  mixed  until  a 
clear  mixture  was  obtained.  The  cure  schedule  consisted  in  heating  the  sample  from  20  to  180°C 
at  5®C/min  and  maintaining  it  at  180°C  for  30  min.  The  DSC  Tg«  was  170°C^The  commercial 
sample  investigated  was  an  unsupported  epoxy-amine  adhesive  film  (FM73)  supplied  by  Cytec 
fiberite.  The  cure  schedule  consisted  in  heating  from  20  to  110°C  at  5°C/min  and  maintaining  it 
at  110°C  for  40  min.  The  DSC  Tgoc  was  93®C.  Samples  were  cured  between  aluminum 
adherends.  The  adherend  surface  was  cleaned  with  a  solvent  (acetone)  prior  to  the  application  of 
the  resin.  The  bondline  thickness  was  50p.m.  All  samples  used  in  this  study  were  fully  cured 
(DSC  and  FTIR  controls  were  run)  and  were  subjected  to  an  identical  thermal  history  (by  heating 
above  the  Tg«c)  prior  to  the  exposure  to  environment  in  order  to  minimize  the  effect  of  structural 
relaxation  between  different  samples.  Then,  samples  were  placed  in  a  controlled  environment  at 
60*^C  and  98%  relative  humidity  (maintained  with  a  saturated  NaHS04  solution)  and  tested  at 
desired  time  intervals. 

2.4  Techniques 

The  principal  Experimental  technique  we  have  used  is  broad-band  dielectric  relaxation 
spectroscopy  (DRS).  A  detailed  description  of  our  experimental  facility  for  dielectric 
measurements  is  given  elsewhere;  however,  briefly,  we  have  used  Solartron  1260 

Impedance  Gain  Phase  Analyzer  (10  ^iHz  -  32  MHz)  with  broad-band  dielectric  converter 
(Novocontrol  GmBh),  Hewlett-Packard  (HP)  4284  A  Precision  LCR  Meter  (20  Hz  -  1  MHz), 
Hewlett-Packard  4291  A  RF  Impedance  Analyzer  (1  MHz  -  1.8  GHz)  and  Hewlett-Packard 
8752A  Network  Analyzer  (300  kHz  -  1.3  GHz).  All  instruments  are  interfaced  to  computers  via 
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IEEE  488.2  and  are  equipped  with  heating/cooling  capabilities,  including  Novocontrol’s 
Novocool  System.  A  variety  of  sample  cells  were  employed,  including  parallel  plates,  high 
precision  extension  airlines,  cells  for  the  simultaneous  dielectric/remote  fiber  optic  FTIR  tests, 
etc.  Supporting  evidence  was  obtained  from  Fourier  transform  infrared  (FTIR)  spectroscopy, 
using  Nicolet  Instrument’s  Magna  750  Spectrometer  as  described  elsewhere,^^  and  differential 
scanning  calorimetry  (DSC),  using  Perkin-Elmer  model  7  DSC  at  a  heating  rate  of  10°C/min. 

2.5  Results  and  Discussion 

We  begin  by  presenting  the  results  for  our  model  system,  composed  of  the  stoichiometric 
amounts  of  DGEBA  and  MDA.  This  system  is  miscible  and  has  a  calorimetric  Tg  of  -12°C  prior 
to  the  onset  of  curing  reactions.  Dielectric  permittivity  and  loss  in  the  frequency  domain  (note  1 1 
decades  of  frequency)  with  temperature  as  a  parameter  before  the  onset  of  cure  are  shown  in 
Figure  2.1.  The  solid  lines  are  fits  to  the  HN  functional  form  (eq  5).  Since  dielectric  permittivity 
and  loss  are  related  by  the  Kramers-Kronig  transforms,  the  remaining  figures  in  the  paper 
contain  only  the  dielectric  loss  data.  The  segmental  a  process  and  the  local  p  process  are  clearly 
observed,  in  agreement  with  earlier  results  for  similar  systems.^^'^^  We  reiterate  that  the  uncured 
system  is  shown  as  reference  only  and  all  subsequent  results  pertain  to  fully  cured  networks.  A 
fully  cured  DGEBA-MDA  network  (prepared  according  to  the  schedule  described  in  the 
experimental  section)  had  a  calorimetric  Tg..  of  170°C.  Dielectric  loss  in  the  frequency  domain 
of  a  fully  cured  sample  is  shown  in  Figure  2.2.  In  the  temperature  range  of  Figure  2.2  the 
network  is  well  below  its  calorimetric  Tg„.  and  we  observe  only  the  secondary  P  relaxation. 
Because  of  its  localized  nature,  the  P  process  is  precisely  what  we  are  interested  in  (we  shall  not 
be  concerned  with  the  dynamics  of  the  (slow)  segmental  a  process  in  cured  glassy  networks).  In 
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general,  the  origin  of  these  P  relaxations  remains  elusive,  but  appeals  have  been  made  in  the 
literature  to  explanations  ranging  from  far-IR  phonon  excitations,^^  cage-rattUng  motions,^  a 
universal  glassy  state  phenomenon,^^  and  various  types  of  local/side-chain  motions.^^  In  cured 
epoxy  networks,  however,  it  is  generally  agreed  that  the  origin  of  the  P  process  lies  in  the  local 
motions  associated  with  hydroxyl  groups?^  This  interpretation  seems  to  be  amply  supported  by 
the  results  of  our  study,  as  will  be  shown  later.  With  decreasing  temperature  the  P  process  in 
Figure  2.2  slo^  down,  broadens  and  decreases  in  intensity.  Also,  the  P  process  is  Arrhenius  but 
thermodielectrically  complex. 

Once  the  dynamics  of  the  fully  cured  dry  network  were  established,  we  proceeded  with  a 
systematic  study  of  the  effect  of  absorbed  moisture  on  the  local  dynamics.  We  preface  the 
presentation  and  discussion  of  these  results  with  two  important  comments.  First,  we  stress  that 
we  shall  not  be  principally  concerned  here  with  the  kinetics  of  moisture  absorption.  And  second, 
we  acknowledge  numerous  efforts  to  quantitatively  monitor  moisture  absorption  by  tracking 
dielectric  permittivity  at  tm  arbitrary  frequency,  but  hasten  to  add  that  the  dielectric 

response  of  a  changing  structure  is  a  function  of  both  exposure  time  and  frequency.  Therefore,  if 
one  is  interested  in  dynamics,  the  only  fundamentally  correct  way  to  track  it  is  by  recording  the 
relaxation  spectrum  over  a  wide  frequency  range.  Because  of  the  local  nature  of  p  relaxations,  it 
was  anticipated  that  the  dynamics  of  this  process  would  be  particularly  sensitive  to  the  absorbed 
moisture  from  the  very  beginning  of  exposure  to  environment.  In  that  case  the  p  process  could 
serve  as  a  molecular  indicator  of  the  local  dynamics  that  are  governed  by  the  interactions 
between  the  thermoset  network  and  the  absorbed  moisture.  Figure  2.3  shows  dielectric  loss  in  the 
frequency  domain  measured  at  various  temperatures,  following  a  3-day  exposure  to 
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60°C/90%RH.  There  is  practically  no  change  in  the  average  relaxation  time  (defined  as 
T=l/27tfmax)  for  the  P  process  after  3  days,  in  comparison  with  a  dry  sample  (contrast  Figures  2.2 
and  2.3).  But  we  do  observe  an  increase  in  intensity  and  a  clear  sign  of  the  emergence  of  another 
relaxation,  first  manifested  as  a  shoulder  on  the  high  frequency  side.  This  new  process,  which  we 
term  y,  becomes  more  pronounced  after  a  5-day  exposure,  as  seen  in  Figure  2.4.  A  deconvolution 
of  two  relaxations  was  performed  and  an  example  is  shown  in  Figure  2.5;  the  presence  of  two 
processes  is  beyond  doubt  and  the  deconvolution  is  physically  meaningful.  Both  processes  are 
symmetric  and  the  solid  hnes  in  Figure  2.5  are  fits  to  the  Cole-Cole  (CC)  equation.  An 
alternative  way  of  displaying  the  effect  of  absorbed  moisture  on  the  local  dynamics  is  by  plotting 
the  dielectric  loss  in  the  frequency  domain  at  a  constant  measuring  temperature  and  with 
exposure  time  as  a  parameter.  One  such  example  is  presented  in  Figure  2.6  (measured  at  -30°C), 
which  clearly  shows  the  gradual  development  of  P  and  y  relaxations  with  increasing  exposure 
time. 

The  frequency  of  maximum  loss  for  different  relaxation  processes  is  plotted  as  a  function  of 
reciprocal  temperature  in  Figure  2.7.  Both  P  and  y  processes  are  Arrhenius,  with  activation 
energy  of  53-57  kJ/mol  and  28  kJ/mol,  respectively.  The  p  process  in  the  dry  sample  appears  to 
be  a  bit  faster  and  to  have  a  slightly  lower  activation  energy  than  in  the  moist  samples.  The 
activation  energy  for  the  y  process  is  of  the  order  of  magnitude  generally  observed  for  the  local 
(Johari-Goldstein^^)  processes  in  many  polymers.  The  dielectric  strength  of  P  and  y  processes 
was  found  to  increase  with  exposure  time  and  with  measuring  temperature. 
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An  important  question  is  what  are  DRS  data  telling  us  about  the  molecular  origin  of  p  and  y 
relaxations?  First,  it  is  evident  that  the  dynamics  of  the  p  process  change  with  absorbed  moisture. 
The  initial  relaxations  associated  with  hydroxyl  groups  are  slowed  down  (by  about  V2  decade 
with  respect  to  the  dry  sample)  through  the  interactions  between  the  network  and  a  portion  of  the 
absorbed  water  molecules.  The  precise  nature  of  these  interactions  will  be  discussed  further  with 
the  results  of  FTIR  measurements.  The  faster  y  process  is  due  to  the  other  portion  of  the  absorbed 
water  molecule  (that  are  not  engaged  in  water-network  interactions)  although  it  is  also  not 
immediately  clear  from  DRS  data  in  what  form  (isolated  single  moleculesr  dimers,  trimers)  water 
resides  within  the  adhesive.  In  comparison  with  hquid  water,  which  at  20°  C  has  a  dielectric  loss 

32 

peak  at  about  20  GHz  (corresponding  to  an  average  relaxation  time  of  about  9  picoseconds), 
the  relaxation  time  of  the  y  process  is  longer  by  more  than  a  decade  on  the  frequency  scale. 
Whether  the  reason  for  this  is  physical  (e.g.  steric  hindrance  due  to  neighboring  benzene  rings) 
or  chemical  (e.g.  some  weak  interactions  with  network  groups),  is  not  apparent  from  the  DRS 
data.  The  average  relaxation  time  of  the  y  process  at  20  °C  is  of  the  order  of  1,000  ps. 
Interestingly,  this  is  in  agreement  with  the  value  of  700  ps  reported  by  JeUnski  et  al.  in  their 
study  of  water  in  DGEBA/m-MDA  networks  by  solid  state  NMR  spectroscopy.^^  That  time  (700 
ps)  was  describki  as  the  average  residence  time  of  a  water  molecule  at  one  site  before  it  hops  to 
another  site.  These  authors  also  argue  that  “free”  water  (defined  as  isotropically  mobile  with  the 
same  relaxation  time  as  liquid  water)  is  not  present.  Strictly  speaking  this  is  true,  though  our 
FTIR  evidence  (offered  below)  suggests  that  non  hydrogen-bonded  water  exist  as  isolated 
molecules  whose  dynamics  are  slightly  slowed  down  by  steric  hindrance.  More  about  the  size 
and  form  of  the  interactions  that  underlie  the  y  process  will  be  said  in  conjunction  with  the  results 
of  FTIR  measurements  and  molecular  simulation  studies. 
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The  fully  cured  FM73  commercial  adhesive  (prepared  according  to  the  schedule  described  in 
experimental  section)  had  a  calorimetric  Tg«  of  93°C.  Dielectric  loss  in  the  frequency  domain 
with  temperature  as  a  parameter  for  this  sample  is  shown  in  Figure  2.8.  With  decreasing 
temperature  the  p  process  slows  down  and  broadens,  displaying  a  response  similar  to  that  of  the 
model  system.  The  loss  spectrum  for  the  P  process  in  the  dry  sample  is  also  symmetric  and  the 
solid  lines  in  Figure  2.8  represent  fits  to  the  CC  equation.  In  Figure  2.9  we  show  the  loss  data 
measured  at  25°C  after  2, 4  and  8  hours  of  exposure  to  environment.  The  average  relaxation  time 
(see  the  location  of  fmax)  increases  slightly  within  the  first  two  hours  and  then  levels  off,  while 
the  loss  intensity  continues  to  increase.  The  shape  of  the  spectrum,  however,  remains  symmetric 
and  the  solid  lines  in  Figure  2.9  are  CC  fits.  But  after  a  10-day  exposure  there  was  one  noticeable 
difference;  the  spectra  were  asymmetric  and  were  described  by  the  HN  functional  form  (see 
Figure  2.10).  The  asymmetric  shape  of  the  spectrum  is  not  typical  of  the  P  process  and  we 
interpret  it  as  a  consequence  of  the  overlap  of  P  and  y  relaxations.  And  although  we  did  not 
observe  a  separate  y  process,  its  presence  is  strongly  supported  by  a  broad  high  frequency  tail 
that  is  particularly  evident  in  the  low  temperature  spectra.  The  fact  that  we  do  not  see  a  separate  y 
process,  as  in  the  model  system,  is  not  necessarily  surprising  considering  a  difference  in  the 
chemical  composition  between  these  two  formulations.  We  made  no  attempts  at  deconvolution 
of  spectra  in  Figure  2.10  (because  the  result  would  have  little  physical  justification)  and  have 
continued  to  treat  this  relaxation  as  one  (P)  process  (while  aware  of  possible  drawbacks).  An 
alternative  view  of  the  effect  of  absorbed  moisture  on  the  p  dynamics  is  depicted  in  Figure  2.1 1, 
which  shows  dielectric  loss  in  the  frequency  domain  with  exposure  time  as  a  parameter, 
measured  at  60°C.  Solid  lines  in  this  figure  are  HN  fits.  Several  important  observations  are  made 
in  this  figure.  First,  note  that  the  average  relaxation  time  (T=l/2;rfmax)  for  the  process  at 
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temperatures  above  ca.  2fC  is  of  the  order  of  nanoseconds  or  less  and  hence  its  detection 
hinges  on  the  abihty  to  conduct  high  precision  dielectric  measurements  in  the  frequency  range 
above  1  MHz.  This  is  an  important  consideration  in  the  ongoing  efforts  aimed  at  the 
implementation  of  DRS  as  a  NDI  tool  for  adhesive  joints.  Further,  it  is  interesting  to  note  that 
while  the  loss  peak  intensity  increases  with  exposure  time,  the  average  relaxation  time  measured 
at  60°C  remains  largely  unaffected  by  the  absorbed  moisture.  But  as  the  measuring  temperature 
is  decreased,  we  observe  a  progressive  divergence  in  the  average  relaxation  time  for  dry  and 
moist  samples,  as  evidenced  by  data  in  Figure  2.12  measured  at  -70°C.  This  divergence  is  best 
seen  in  the  composite  plot  of  frequency  of  maximum  loss  as  a  function  of  reciprocal  temperature, 
shown  in  Figure  2.13.  Note  that  both  processes  are  Arrhenius,  with  activation  energy  of  41 
kJ/mol  and  60  kJ/mol  for  dry  and  moist  samples,  respectively.  Finally,  we  note  that  the  p 
dynamics  were  reversible  upon  moisture  desorption. 

Next  we  present  and  discuss  the  results  of  near-IR  (NIR)  and  mid-IR  (MIR)  analysis  of  the 
model  (DGEBA/MDA)  system.  The  NIR  spectra  of  dry  and  moist  (fully  cured)  DGEBA/MDA 
networks  are  contrasted  in  Figure  2.14.  All  major  peaks  of  relevance  in  epoxy/amine  systems  are 
present:  epoxy  absorption  at  4530  and  6080  cm  ',  amine  absorption  at  5056  and  6670  cm  ,  and 
hydroxyl  absorption  at  4800-4900  cm  '  and  7000  cm  '.  A  comprehensive  identification  of  the 
NIR  spectra  of  epoxy  networks  before,  during  and  after  cure  is  given  elsewhere;^''  here  we  focus 
attention  on  the  peak  at  5210  cm"',  which  is  associated  with  the  absorbed  moisture.  The  observed 
spectral  difference  in  Figure  2.14  estabUshes  this  peak  as  the  indicator  of  absorbed  moisture. 
Figure  2.15  shows  a  sequence  of  NIR  spectra  taken  at  selected  time  intervals  during 
environmental  exposure.  An  increase  in  the  absorption  intensity  is  evident.  Careful  inspection  of 
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Figure  2.15  also  reveals  a  consistent  increase  in  the  absorption  intensity  at  the  lower 
wavenumber  side  of  the  5210  cm'*  peak,  suggesting  a  gradual  development  of  another  absorption 
mechanism.  This  is  an  interesting  finding.  A  deconvolution  of  the  broad  absorption  was  carried 
out  and  two  absorption  peaks  were  clearly  detected,  as  seen  in  Figure  2.16.  These  two  peaks 
were  centered  at  5230  and  5137  cm'*,  respectively,  and  were  both  Gaussian.  The  absorption 
intensity  of  each  peak  is  a  linear  function  of  absorbed  moisture,  as  shown  in  Figure  2.17.  But 
because  the  absorption  in  this  range  is  associated  with  a  combination  of  bending  (1600-1650  cm' 
*)  and  stretching  (3100-3800  cm'*)  vibrations,  we  made  no  further  attempts  at  identifying  these 
peaks  with  specific  interactions.  In  an  excellent  recent  study  of  water  absorption  in  a 
tetrafunctional  epoxy/amine  (TGDDM/DDS)  network  by  NIR,  Musto  et  al.^^’  were  able  to 
deconvolute  the  broad  absorption  at  around  7000  cm'*  into  three  distinct  components  centered  at 
7075,  6820  and  6535  cm'*,  respectively.  These  peaks  were  associated  with  isolated  single  water 
molecules  (7075),  water  molecules  hydrogen-bonded  to  one  site  (6820)  and  water  molecules 
hydrogen-bonded  to  two  sites  (6535).  An  important  finding  in  their  study  was  that  each  water 
molecule  interacts  with  two  proton  acceptors.  We  were  hesitant  to  deconvolute  the  absorption 
peak  around  7000  cm'*  in  our  networks  because  of  insufficiently  high  resolution. 

The  MIR  spectra  of  a  sample  exposed  to  moisture  for  times  ranging  from  10  minutes  to  8  days 
are  shown  in  Figure  2.18.  Of  major  interest  here  is  the  range  between  about  3100  and  3800  cm'*, 
where  vibrational  modes  due  to  various  forms  of  hydrogen  bonding  are  located.  Normalization  of 
spectra  with  respect  to  absorption  due  to  phenyl  group  (at  3035  cm'*)  and  alkyl  groups  (at  2963, 
2930  and  2872  cm'*)  enables  one  to  track  the  change  in  the  absorption  intensity  in  the  range 
between  3100  and  3800  cm'*  as  a  function  of  exposure  time.  This  is  clearly  seen  in  Figure  2.18. 
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A  further  insight  into  the  progressive  effect  of  absorbed  moisture  is  obtained  by  subtracting  the 
spectrum  of  a  dry  sample  from  that  of  each  moist  sample.  The  resulting  spectra  are  shown  in 
Figure  2,19  and  two  distinct  regions  are  observed:  a  sharp  absorption  around  3600  cm"'  and  a 
broad  and  asymmetric  absorption  between  about  3600  and  3100  cm'\  The  intensity  of  both 
absorptions  increases  with  increasing  exposure  time.  The  question  is  what  is  the  origin  of  these 
absorption  peaks?  First,  we  consider  the  narrow  absorption  at  high  wavenumber  that  was  fit  to  a 
Gaussian  function  with  a  peak  at  3626  cm'*  (Figure  2.20).  This  absorption  has  been  observed  in  a 
number  of  systems  with  low  water  concentration,  ranging  from  polymer  networks  ’  to 
mixtures  of  water  and  a  non-polar  solvent  (e.g.,  and  has  been  associated  with  non¬ 

hydrogen  bonded  water.  In  our  epoxy-amine  network,  this  absorption  is  assigned  to  water 
molecules  located  in  the  pockets  surrounded  by  hydrophobic  moieties,  such  as  benzene  rings, 
where  the  hkelihood  of  hydrogen  bonding  is  low.  Based  on  the  MIR  data,  the  non  hydrogen- 
bonded  water  accounts  for  about  13%  of  the  total  absorbed  water.  The  ability  to  measure 
precisely  the  concentration  of  a  dipole  group  raises  interesting  possibilities  as  regards  the 
correlation  between  vibrational  and  dielectric  spectroscopy.  Recall  that  non  hydrogen-bonded 
water,  that  gives  rise  to  a  MIR  absorption  peak  centered  at  3626  cm'*,  is  also  at  the  origin  of  the 
dynamic  y  process.  This,  in  effect,  provides  a  hnk  between  chemical  (measured  by  FTIR)  and 
physical  (measured  by  DRS)  phenomena  that  accompany  water  absorption  into  the  network.  For 
example,  a  correlation  could  be  sought  between  the  concentration  of  dipoles  extracted  from  FTIR 
spectra  and  the  dielectric  strength  of  a  relaxation  process  (e.g.  p  or  y)  via  the  Kirkwood-Frohlich 
equation. 
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We  next  proceeded  with  attempts  to  deconvolute  the  broad  absorption  range  between  3600  and 
3100  cm'*.  The  best  results  were  obtained  using  three  Gaussian  functions,  as  shown  in  Figure 

2.20,  with  peaks  at  3523,  3380  and  3210  cm'*.  The  intensity  of  each  absorption  (as  defined  by 
the  area  under  the  absorption  peak)  increases  with  increasing  exposure  time,  as  seen  in  Figure 

2.21.  But  when  each  absorption  intensity  is  normalized  with  respect  to  the  total  intensity,  we 

observe  an  increase  in  the  absorption  at  3210  cm'*,  a  decrease  at  3380  cm'*,  and  little  change  at 
3523  and  3626  cm'*  (see  Figure  2.22).  The  presence  of  several  absorption  peaks  tells  us  two 
things:  1)  the  absorption  mechanism  is  more  complex  than  originally  thought,  and  2)  the  concept 
of  two  types  of  absorbed  moisture,  often  lumped  under  “loosely”  and  “strongly”  bound,  is  an 
oversimplification  of  the  actual  situation.  But  what  can  we  say  about  the  molecular  origin  of 
absorption  at  3523,  3380  and  3210  cm'*?  For  one,  the  hydrogen-bonded  water  accounts  for 
approximately  87%  of  the  total  water  absorbed  in  the  network.  We  note  that  this  number  is 
considerably  higher  than  the  values  between  60  and  40  %  reported  by  other  investigators.^^’ 
Further,  it  is  known  that  the  intensity  of  hydrogen  bonding  increases  with  decreasing 
wavenumber,  i.e.,  from  3523  to  3210  cm'*  in  our  case.  We  have  also  observed  an  increase  in  the 
intensity  of  absorption  peaks  at  3380  and  3210  cm'*  during  environmental  exposure,  as 
evidenced  by  a  shift  to  lower  frequency  by  about  40  and  50  cm'*,  respectively.  But  the 
identification  of  each  absorption  peak  with  a  specific  type  of  hydrogen  bond  is  not 

straightforward.  In  a  DGEBA/MDA  network,  absorbed  water  can  form  a  hydrogen  bond  with  a 
number  of  sites  on  the  network,  including  the  ether  oxygen,  the  hydroxyl  group  and  the  tertiary 
amine  nitrogen.  Moreover,  the  same  water  molecule  can  participate  in  one  or  two  hydrogen 
bonds  (with  two  proton  acceptors)  when  a  favorable  steric  configuration  is  encountered. 
Naturally,  if  the  absorbed  water  forms  dimers  or  trimers,  there  will  also  be  a  possibility  of 
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hydrogen  bonding  between  the  adjacent  water  molecules.  The  last  scenario  brings  up  an 
interesting  question:  how  large  are  the  absorbed  water  entities?  In  an  attempt  to  answer  this 
important  question  we  performed  a  dynamics  simulation  study  with  the  aid  of  a  commercial 
software  package  Ceriusl  A  stoichiometric  DGEBA/MDA  composed  of  twenty^six  molecules  of 
DGEBA  and  thirteen  molecules  of  MDA  was  constructed.  Nine  molecules  of  water  were 
introduced  into  the  network,  bringing  the  water  content  to  about  1 .6%  by  weight  (a  reasonable 
value  considering  that  the  maximum  water  content  at  the  conditions  of  this  study  was  ca.  3%  by 
weight).  The  molecules  were  annealed  until  the  total  energy  reached  a  minimum  value  and  the 
simulation  was  conducted  at  300°K.  The  positions  of  atoms  were  calculated  at  0.001  picosecond 
intervals  and  this  was  repeated  1,000  times  in  the  course  of  simulation.  Although  our  simulation 
was  limited  to  a  relatively  small  network,  important  observations  were  made.  First,  fluctuations 
involving  network  atoms  and  water  molecules  were  detected.  But  most  importantly,  the  absorbed 
water  molecules  were  always  separate  and  no  dimers  or  trimers  were  observed.  Apparently,  the 
available  space  in  the  fully  cured  networks  is  too  small  to  accommodate  larger  structures. 
Simulation  has  also  revealed  that  a  water  molecule  participates  in  hydrogen  bonding  to  only  one 
site  on  the  network,  in  contrast  with  the  experimental  results  reported  elsewhere.  It  is  clear  that  a 
simulation  study  on  a  larger  network  would  be  useful  in  this  context. 

A  final  comment  regards  our  current  efforts  aimed  at  the  development  of  fundamental 
quantitative  correlation  between  FTIR  and  DRS  data.  Specifically,  we  are  seeking  to  correlate  a 
dielectric  material  parameter  (such  as  the  average  relaxation  time,  dielectric  strength  or  a  shape 
parameter  of  the  dielectric  spectrum)  with  a  fundamental  parameter  deduced  from  the  FTIR 
spectra  (e.g.,  absorption  strength,  group  concentration).  This  is  the  subject  of  our  current  work. 
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2.6  Work  in  Progress 

We  are  currently  investigating  Ciba  Geigy’s  Matrimid  5292  (this  work  is  discussed  in  detail  in 
section  3  of  this  report).  This  is  a  two-component  bismaleimide  (BMI)  composed  of 
bismaleimido  diphenylmethane  and  diallyl  bisphenol  A.  DSC  runs  were  performed  on  the  as- 
mixed  and  cured  mixtures.  The  initial  mixture  had  a  Tg  of  lO^C.  The  cured  resin,  on  the  other 
hand,  is  highly  cross-hnked,  making  it  difficult  to  detect  a  Tg  with  great  accuracy.  We  are 
working  on  that.  DRS  of  dry  samples  shows  a  P  relaxation  above  50°C  but  not  at  lower 
temperature.  After  a  24-hour  exposure  to  environment,  however,  we  observe  a  faster  process 
(termed  y)  at  low  temperature,  as  clearly  seen  in  Figure  2.23.  The  soUd  lines  are  fits  to  the  CC 
equation.  The  calculated  value  of  activation  energy  was  40  kJ/mol.  This  value  is  closer  to  that  for 
the  p  process  (than  the  y  process)  in  DGEBA/MDA  networks.  A  composite  plot  of  frequency  at 
dielectric  loss  maximum  as  a  function  of  reciprocal  temperature  for  BMI,  DGEBA/MDA  and 
FM73U  is  shown  in  Figure  2.24.  It  is  clear  that  the  y  process  in  BMI  is  related  to  absorbed  water 
and  a  systematic  study  is  underway.  Initial  NIR  measurements  show  an  increase  in  absorbance  at 
5200  cm  '.  Initial  MIR  result  shows  an  effect  of  moisture  on  the  3100  -  38(X)  cm  '  absorption 
range  and  further  analysis  is  in  progress. 

Finally,  we  have  also  initiated  a  study  of  a  cyanate  ester  resin  (Ciba  Geigy’s  XU366).  DRS 
spectra  of  a  dry  sample  show  a  broad  dielectric  loss  of  low  intensity  (e”<0.02).  However,  the  loss 
intensity  increases  during  exposure  to  moist  environment  and  we  anticipate  that  we  will  be  able 
to  relate  the  observed  change  in  the  dielectric  loss  to  the  absorbed  moisture. 
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2.7  Conclusions 


The  results  presented  here  provide  new  insight  into  the  local  molecular  dynamics  and 
interactions  of  epoxy/amine  networks  with  water.  A  smaller  portion  of  the  absorbed  water  does 
not  form  hydrogen  bonds  with  the  network.  The  probable  cause  for  that  is»steric  hindrance 
imparted  by  the  surrounding  network.  Molecular  dynamics  simulation  indicates  that  water  is 
absorbed  in  the  form  of  isolated  single  molecules;  no  evidence  of  dimers  or  trimers  was  found. 
These  water  molecules  also  contribute  to  a  dynamic  y  process  with  activation  energy  of  about  28 
kJ/mol.  The  average  relaxation  time  of  the  y  process  at  20°C  is  more  than  an  order  of  magnitude 
longer  than  that  of  liquid  water  because  of  the  steric  factors. 

A  larger  part  of  absorbed  water  interacts  with  various  sites  on  the  network  that  include  the  ether 
oxygen,  the  hydroxyl  group  and  the  tertiary  amine  nitrogen.  Deconvolution  of  absorption  peaks 
in  NIR  and  MIR  spectra  was  performed  successfully,  but  the  identification  of  each  absorption 
with  a  specific  type  of  water-network  interaction  is  not  straightforward  and  more  should  be 
learned  before  such  assignments  are  made.  The  water-network  interactions  also  have  an  effect  on 
the  local  p  dynamics.  In  the  dry  sample,  the  p  process  is  associated  with  the  localized  motions  of 
hydroxyl  groups.  The  initial  p  relaxation  is  slowed  down  by  almost  a  decade  through  the 
interactions  of  the  absorbed  water  with  the  network,  while  the  relaxation  spectrum  broadens  with 
decreasing  temperature.  One  particularly  important  finding  is  that  the  average  relaxation  time  for 
the  p  process  at  temperatures  above  25®C  is  of  the  order  of  nanoseconds  or  less  and  hence  its 
detection  hinges  on  the  ability  to  perform  high  precision  dielectric  measurements  in  the 
frequency  range  above  1  MHz.  This  is  an  important  consideration  in  the  ongoing  efforts  aimed  at 
the  implementation  of  DRS  as  non-destructive  inspection  tool  for  adhesive  joints. 
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Figure  2.1.  Dielectric  permittivity  and  loss  in  the  frequency  domain  for  uncured 

DGEBA/MDA  mixture  with  temperature  as  a  parameter.  Solid  lines  are 
fits  to  Havriliak-Negami  equation. 
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Figure  2.4.  Dielectric  loss  in  the  frequency  domain  for  fully-cured  DGEBA/MDA  with 
temperature  as  a  parameter  after  5-day  exposure  to  environment.  Solid 
1ine.c  are  fits  to  Havriliak-Neaami  eoiiation. 


Figure  2.5.  Dielectric  loss  in  the  frequency  domain  after  5-day  exposure  to 

environment,  measured  at  -30® C.  P  and  y  processes  were  fit  to  the  Cole- 
Cole  equation. 
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Figure  2.6.  Dielectric  loss  in  the  frequency  for  the  fully-cured  DGEBA/MDA  with 
exposure  time  as  a  parameter,  measured  at  -30®C.  Solid  lines  are  fits  to 
Havriliak-Negami  equation. 
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Figure  2.7.  Frequency  of  dielectric  loss  maximum /„  as  a  function  of  reciprocal 
temperature  for  dry,  and  moist  DGEBA/MDA. 
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1.8.  Dielectric  loss  in  the  frequency  domain  for  fully  cured  FM73U  with 
temperature  as  a  parameter.  Solid  lines  are  fits  to  Havriliak-Negami 
equation. 


1.9. 


Dielectric  loss  in  the  frequency  domain  for  cured  FM73U  with  exposure 
time  as  a  parameter.  Solid  lines  are  fits  to  Havriliak-Negami  equation. 
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Figure  2.10.  Dielectric  loss  in  the  frequency  domain  for  FM73U  after  10-day 
exposure,  with  temperature  as  a  parameter.  Solid  lines  are  fits  to 
Havriliak-Negami  equation. 


Figure  2.11.  Dielectric  loss  in  the  frequency  domain  for  FM73U  with  exposure  time 
as  a  parameter,  measured  at  60®C.  Solid  lines  are  fits  to  Havriliak- 
Negami  equation. 
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Figure  2.12.  Dielectric  loss  in  the  frequency  domain  for  FM73U  with  exposure  time  as  a 
parameter,  measured  at  -70^C.  Solid  lines  are  fits  to  Havriliak-Negami 
equation. 


Figure  2.13.  Frequency  of  dielectric  loss  maximum/^  as  a  function  of  reciprocal 
temperature  for  dry,  and  moist  FM73U. 
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Figure  2.14.  Near-IR  spectra  of  DGEBA/MDA;  (A)dry  and  (B)  after  1-day  exposure. 


Figure  2.15.  Near-IR  spectra  for  DGEBA/MDA  at  different  exposure  times:  dry,  2 
hours,  1  day,  13  days. 
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Figure  2,16.  Deconvolution  of  the  5400-4800cm'^  range  after  13-day  exposure.  Two 
separate  processes  were  described  by  Gaussian  function. 


Water  content[wt%] 

Figure  2.17.  Absorbance  area  as  a  function  of  water  content  for  absorbances  of 
5230cm'*,  5137cm'*,  and  their  sum. 
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Figure  2.18.  Mid-IR  spectra  for  DGEBA/MDA  at  different  exposure  times:  dry,  10 
minutes,  1  hour,  1  day,  and  8  days. 


Figure  2.19.  Mid-IR  difference  spectra  for  DGEBA/MDA  at  different  exposure 
times:  10  minutes,  1  hour,  and  1  day. 
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Figure  2.20.  Deconvolution  of  difference  spectra  in  the  range  of  3700-3100cm**  after  1- 
day  exposure.  Each  separate  peak  was  described  by  a  Gaussian  function. 


Figure  2.21.  Absorbance  area  of  each  separated  peak  as  a  function  of  exposure  time. 
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Figure  2.24.  Coiomposite  plot  of  frequency  of  dielectric  loss  maximum/^  as  a  function  of 
recdprocal  temperature  for  BMI,  DGEBA/MDA  and  FM73U  at  various 
exproosure  times. 


40 


3.0  DIELECTRIC  RELAXATION  SPECTROSCOPY  OF  BISMALEIMIDE  (BMI) 
Molecular  aspects  of  chemical  and  physical  changes  in  bismaleimide  (BMI)  adhesive  joints 
caused  by  absorbed  moisture  were  investigated.  The  focus  was  on  the  early  (pre-damage)  stage 
that  precedes  the  formation  of  voids  and  microcracks.  Local  dynamics  were,  investigated  by 
broad-band  dielectric  relaxation  spectroscopy  (DRS)  and  the  changes  in  the  chemical  state  of  the 
matter  were  monitored  by  FTIR.  Absorbed  water  interacts  with  the  BMI  network  and  gives  rise 
to  a  fast  relaxation  process  (termed  y*),  characterized  by  an  increase  in  the  dielectric  relaxation 
strength,  an  Arrhenius  temperature  dependence  of  the  average  relaxation  time  and  an  activation 
energy  of  50  kJ/mol.  The  y*  dynamics  are  slower  than  the  relaxation  of  bulk  liquid  water  because 
of  the  interactions  between  the  absorbed  water  and  various  sites  on  the  network  (the  ether 
oxygen,  the  hydroxyl  group,  the  carbonyl  group  and  the  tertiary  amine  nitrogen).  One 
particularly  significant  finding  is  that  the  average  relaxation  time  for  the  y*  process  above  20°C 
is  of  the  order  of  nanoseconds  or  less,  and  hence  the  detection  and  monitoring  of  this  process 
hinges  upon  the  ability  to  perform  high  precision  DRS  at  frequencies  above  1  MHz.  This  is  an 
important  consideration  in  the  ongoing  efforts  aimed  at  the  implementation  of  DRS  as  non¬ 
destructive  inspection  (NDI)  tool  for  adhesive  joints.  FTIR  spectra  reveal  the  presence  of  non 
hydrogen-bonded  water  and  hydrogen-bonded  water;  the  latter  bonded  to  one  and/or  two  sites  on 
the  BMI  network.  A  good  agreement  was  found  between  the  calculated  ratio  of  non  hydrogen- 
bonded  to  total  absorbed  water  from  DRS  and  FTIR  data. 

3.1  Introduction 

The  under-utilization  of  adhesive  joints,  particularly  in  the  aerospace  structures,  is  a  widely 
recognized  phenomenon  that  is  largely  ascribed  to  insufficient  fundamental  understanding  of  the 
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effect  of  service  environment  on  these  joints.  The  consensus  of  opinion  is  that  the  chemical  and 
physical  changes  in  the  adhesive  on  a  molecular  level  during  the  early  (pre-damage)  stage  of 
environmental  exposure  (prior  to  the  formation  of  voids  and  microcracks  that  lead  to  the 
degradation  of  joints)  hold  the  key  to  the  understanding  of  initiation,  propagation  and  failure.' 
The  vast  majority  of  the  reported  studies,^’'®  however,  have  been  concerned  with  the  effect  of 
moisture  on  macroscopic  (bulk)  properties  and/or  the  detection  of  delamination  and  loss  of 
adhesion  that  occur  when  water  eventually  diffuses  through  the  adhesive  and  reaches  the 
adhesive/adherend  interface/interphase. 

There  are  numerous  fundamental  questions  about  the  molecular-level  events  in  glassy  adhesives 
in  the  pre-damage  stage  that  remain  unanswered.  In  what  form  (single  molecules,  dimers, 
trimers,  hydrogen-bonding  complexes)  the  absorbed  water  resides  in  the  adhesive?  How  does 
water  interact  with  the  host  matrix  and  what  effect  that  has  on  the  local  network  dynamics?  What 
are  the  effects  on  dynamics  of  the  temperature,  pressure  and  relative  humidity  of  the 
environment?  The  knowledge  gained  from  such  studies  is  expected  to  contribute  further  towards 
the  development  of  a  methodology  that  can  predict  the  course  of  subsequent  degradation  and 
anticipate  failure. 

The  paucity  of  information  about  the  effect  of  absorbed  moisture  on  the  local  dynamics  in  glassy 
adhesives  is  caused  to  a  large  measure  by  the  short  time  scale  (as  fast  as  few  picoseconds  and 
hence  not  easily  measurable)  of  these  processes.  Of  a  few  experimental  techniques  operable  at 
high  frequency  (where  fast  processes  are  observed)  and  adaptable  to  the  adhesive  joint 
configuration,  broad-band  dielectric  relaxation  spectroscopy  (DRS)  is  rapidly  becoming  a 
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dominant  tool  and  is  utilized  in  this  study.  The  great  attraction  of  DRS  derives  from  an 
unparalleled  frequency  range  available  (up  to  16  decades)  that  enables  one  to  conduct 
fundamental  studies  of  molecular  dynamics  of  condensed  matter  in  various  phases  and  at 
different  temperatures:  from  amorphous  liquids  to  liquid  crystals  to  an  amorphous  or  crystalline 
glass;  from  high  temperature,  where  the  dipole  relaxation  times  are  of  the  order  of  picoseconds, 
through  the  vitrification  process  where  relaxation  times  in  the  glassy  state  reach  tens  to  hundreds 
of  seconds.  Of- course,  the  interpretation  of  molecular  dynamics  obtained  from  DRS  can  be 
greatly  aided  by  the  use  of  a  complementary  technique  capable  of  providing  specific  information 
about  the  chemical  state  of  the  matter.  Among  those  techniques,  Fourier  Transform  Infrared 
Spectroscopy  (FTIR)  represents  the  most  attractive  choice  because  of  1)  the  unmatched  wealth  of 
the  information  about  the  chemical  state  of  the  matter  contained  in  the  infrared  spectrum,  2)  the 
adaptability  of  near-IR  (NIR)  to  remote  (fiber-optic)  in-situ  real  time  application  and  3)  the 
possibility  of  using  NIR  for  non-destructive  inspection  (NDI).  The  combined  use  of  DRS  and 
FTIR  spectroscopy  is  therefore  designed  to  afford  a  simultaneous  examination  of  physical  (DRS) 
and  chemical  (FTIR)  changes  at  a  molecular  level  in  adhesive  joints  exposed  to  an  aggressive 
environment. 

Our  initial  efforts  along  those  lines  are  described  in  a  recent  publication  that  deals  with  the  effect 
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of  absorbed  moisture  on  the  chemical  and  physical  changes  in  epoxy-amine  adhesive  joints. 
Here,  we  focus  attention  on  the  effect  of  moisture  on  the  local  dynamics  of  a  two-component 
bismaleimide  (BMI)  formulation. 
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3.2  Theoretical  Background 

We  describe  the  theoretical  basis  of  DRS  briefly  and  for  further  details  we  refer  the  interested 
reader  to  one  of  the  several  excellent  reviews  in  the  hterature.'®’  In  an  isotropic  amorphous 
system,  with  negligible  internal  field  factors,  complex  dielectric  permittivity,  e*,  is  related  to  the 
dipole  moment  correlation  function  by:^* 


£*M-£oo 


=  1  -  icoj^  exp(-  i(Ot)^{t)dt 


(1) 


where  eo  is  the  limiting  low-frequency  value  of  the  dielectric  permittivity,  Eoc  is  the  limiting 

high-frequency  dielectric  permittivity,  O)  is  angular  frequency,  and  <I>(t)  is  the  relaxation  kernel 
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that  can  be  obtained,  theoretically,  from  the  dipole  moment  time-correlation  function  (TCI^. 
The  reorientational  motion  of  dipoles  gives  rise  to  a  relaxation  process  in  the  frequency  domain 
and  the  physical  interpretation  of  this  behavior  is  understood  in  terms  of  the  dipole  moment  TCP. 
Traditionally,  it  has  been  customary  to  present  the  results  of  DRS  by  fits  of  £*  (e’  and/or  e”)  in 
the  frequency  domain  using  various  empirical  functional  forms.  For  example,  e*  may  be 
modeled  by  a  number  of  empirical  functions  in  the  frequency  domain;  a  particularly  popular  and 
robust  form  is  the  Havriliak-Negami^^  (HN)  function  given  as: 


£*(©)  = 


(2) 


where  a  and  b  are  the  dispersion  shape  parameters,  g  is  the  conductivity,  £v  is  the  vacuum 
permittivity,  and  the  other  parameters  are  defined  in  eq  1.  The  HN  equation  is  a  generalization  of 
the  Cole-Cole  (CC)  equation,  to  which  it  reduces  for  b=l,  and  a  generalization  of  the  Cole- 
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Davidson  (CD)  equation,  to  which  it  reduces  for  a=:l.  HN  and  CC  functional  forms  were 
employed  in  this  study  to  describe  local  dynamics  in  the  frequency  domain.  Alternatively,  the 
dipole  moment  correlation  function  can  be  quantified  via  a  stretched  exponential  function  of  the 
Kohlrausch-Williams-Watts^^  (KWW)  type: 

where  C  is  a  constant,  t  is  the  relaxation  time  and  P  is  the  stretching  exponent  ranging 
form  0  to  1  (p=l  for  the  single  exponential  decay  function).  The  average  relaxation  time  is 
defined  as  x  =  l/27tfmax,  where  fma*  is  the  frequency  of  maximum  loss.  Typically,  the  temperature 
dependence  of  x  is  of  the  Vogel-Fulcher-Tammann  (VFT)  form  for  the  segmental  relaxation  (the 
a  process)  and  of  the  Arrhenius  form  for  the  localized  sub-Tg  processes. 

3.3  Experimental  Materials 

A  two-component  bismaleimide  (BMI)  formulation  (Matrimid  5292,  courtesy  of  Ciba-Geigy 
Corporation),  consisting  of  4,4’  bismaleimidodiphenyl  methane  (component  A)  and  0,0’  diallyl 
bisphenol  A  (component  B),  was  investigated  in  this  study.  Chemical  structures  of  components 
A  and  B  are  shown  in  Figure  3.1.  Equimolar  amounts  of  the  two  components  were  mixed  at  120- 
125°C  and  stirred  continuously  until  a  clear,  homogeneous  mixture  was  obtained.  The  cure 
schedule  consisted  in  heating  the  sample  from  20  to  240^C  at  5°C/niin  and  maintaining  it  at 
240*^C  for  30  min.  Samples  were  cured  between  aluminum  adherends  and  the  calorimetric  (DSC) 
glass  transition  temperature  (Tg)  was  over  220®C.  The  adherend  surface  was  cleaned  with 
acetone  prior  to  the  application  of  the  resin.  The  bondline  thickness  was  SOjim.  The  cured 
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samples  were  reproducible  (DSC  and  FTIR  controls  were  run)  and  were  subjected  to  the 
identical  thermal  history  (by  heating  above  the  Tg  and  then  cooling)  prior  to  the  exposure  to 
environment  in  order  to  factor  out  the  effect  of  structural  relaxation  between  different  samples. 
Two  controlled  aggressive  environments  were  employed;  (1)  60®C/98%  RH,  and  (2)  80°C/98% 
RH.  Relative  humidity  (RH)  was  maintained  with  a  saturated  NaHS04  solution.  Samples  were 
removed  from  the  environment  at  selected  time  intervals  and  tested. 

3.4  Techniques 

The  principal  experimental  technique  we  used  was  broad-band  dielectric  relaxation  spectroscopy 
(DRS).  A  brief  description  of  our  experimental  faciUty  for  dielectric  measurements  follows. 
More  details  are  given  elsewhere^'*  and  several  excellent  reviews  of  experimental  methodology 
for  dielectric  measurements  were  recently  pubhshed.^^’^^  In  this  study  we  have  used 
Novocontrol’s  a  Analyzer  (3  ^iHz  -  10  MHz)  and  Hewlett-Packard  4291  B  RF  Impedance 
Analyzer  (1  MHz  -  1.8  GHz).  Both  instruments  are  interfaced  to  computers  via  IEEE  488.2  and 
are  connected  to  a  heating/cooling  unit  (modified  Novocontrol’s  Novocool  System)  equipped 
with  a  custom-made  motor  driven  arm  that  can  selectively  insert  into  the  Novocool  cryostat 
chamber  either  the  low-frequency  or  the  high-frequency  sample  cell.  This  setup  has  the 
advantage  of  providing  high-precision  temperature  control  over  the  entire  frequency  range  (3iiHz 
-  1.8  GHz).  A  photograph  of  the  entire  setup  (Figure  3.2)  shows  the  mobile  unit  in  the  upward 
position,  with  the  high  frequency  cell  on  the  left  and  the  low  frequency  cell  on  the  right.  A 
variety  of  sample  cells  were  employed,  including  parallel  plates,  high  precision  extension 
airUnes,  cells  for  the  simultaneous  dielectric/remote  fiber  optic  FTIR  tests,  etc.  Supporting 
evidence  was  obtained  from  Fourier  transform  infrared  (FTIR)  spectroscopy,  using  Nicolet 
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Instrument’s  Magna  750  Spectrometer,^^  and  differential  scanning  calorimetry  (DSC),  using 
Perkin-Elmer  model  7  DSC  at  a  heating  rate  of  10°C/min. 

3.5  Results  and  Discussion 

We  begin  by  presenting  the  DRS  results  for  the  uncured  BMI  (the  initial  mixture  of  components 
A  and  B).  This  system  is  miscible  and  has  a  calorimetric  (DSC)  Tg  of  -20°C  prior  to  the  onset  of 
curing  reactions.  Dielectric  permittivity  and  dielectric  loss  in  the  frequency  domain  (measured 
over  1 1  decades  of  frequency)  with  temperature  as  a  parameter  are  shown  in  Figure  3.3.  Because 
permittivity  and  loss  are  related  by  the  Kramers-Kronig  transforms,  the  remaining  figures  in  the 
text  contain  only  the  loss  data.  The  solid  lines  in  Figure  3.3  are  fits  to  the  HN  functional  form 
(Eq.2)  with  the  low  frequency  contribution  subtracted.  The  data  depict  the  segmental  a  process 
above  the  calorimetric  Tg  of  the  mixture.  The  temperature  dependence  of  the  average  relaxation 
time  (Figure  3.4),  defined  as  T=l/27tfmax,  is  of  the  VFT  form.  We  reiterate  that  the  uncured 
system  is  shown  only  as  a  reference  and  all  subsequent  results  pertain  to  the  cured  networks  with 
a  calorimetric  Tg  above  220°C.  Dielectric  loss  in  the  frequency  domain  for  a  cured  dry  network, 
with  temperature  as  a  parameter,  is  shown  in  Figure  3.5.  In  this  temperature  range  the  network  is 
well  below  its  Tg  and  we  measure  the  loss  due  to  local  relaxation  processes.  We  observe  a 
prominent  P  process  that  is  characterized  by  (1)  an  increase  in  the  dielectric  relaxation  strength 
(Ae)  with  increasing  temperature  and  (2)  Arrhenius  temperature  dependence  of  the  average 
relaxation  time,  x.  Interestingly,  the  loss  spectra  are  narrower  than  usually  observed  for  the  so- 
called  Johari-Goldstein  P  process^^  in  molecular  or  polymeric  glass  formers.  We  also  note  a  low 
but  measurable  loss  at  frequencies  above  10  kHz,  suggesting  the  presence  of  a  relaxation  that  is 
faster  (more  local)  than  p.  The  loss  intensity  of  this  relaxation  increases  with  increasing 
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temperature  and  we  term  this  process  y.  Owing  to  their  local  nature,  p  and  y  process  are  precisely 
what  we  are  interested  in;  we  shall  not  be  concerned  here  with. the  a  dynamics  because  our 
networks  are  well  into  the  glassy  state  at  the  conditions  of  this  study.  The  molecular  origin  of  the 
P  process  is  in  the  rotation  around  phenyl-oxygen  bonds.  The  y  process,  however,  is  strongly 
affected  by  the  absorbed  moisture  and  we  shall  return  to  its  origin  later. 

Once  the  dielectric  response  of  the  cured  dry  network  was  established,  we  proceeded  with  a 
systematic  study  of  the  effect  of  absorbed  moisture  on  the  local  dynamics.  We  preface  the 
presentation  and  discussion  of  those  results  with  two  comments.  First,  we  stress  that  we  shall  not 
be  principally  concerned  here  with  the  kinetics  of  moisture  absorption  (e.g.  29-31).  And  second, 
we  acknowledge  a  number  of  efforts  to  monitor  moisture  absorption  in  polymer  networks 
quantitatively  by  tracking  dielectric  permittivity  at  a  constant  frequency,^^'^^  but  hasten  to  add 
that  the  dielectric  response  of  a  changing  structure  is  a  function  of  both  exposure  time  and 
frequency.  Therefore,  when  one  is  interested  in  dynamics,  as  we  are  here,  the  correct  way  to 
track  it  is  by  recording  the  relaxation  spectra  at  selected  time  intervals  over  a  wide  frequency 
range.  Because  of  the  local  nature  of  the  sub-Tg  relaxations,  it  was  anticipated  that  the  dynamics 
of  such  processes  would  be  particularly  sensitive  to  the  interactions  of  absorbed  moisture  from 
the  very  beginning  of  environmental  exposure. 

Let  us  now  examine  the  loss  spectra  measured  at  select  temperatures  following  exposure  to  the 
60®C  environment  for  various  times.  Figure  3.6  shows  dielectric  loss  in  the  frequency  domain 
measured  at  50°C  for  samples  exposed  to  the  environment  for  3  and  5  days.  A  spectrum  of  the 
dry  sample  is  also  included  as  reference.  There  is  a  remarkable  change  in  the  relaxation  spectrum 


48 


as  a  result  of  the  moisture  uptake.  We  cjTDbserve  the  emergence  of  a  pronounced  relaxation  with  an 
average  relaxation  time  of  about  8  ns.  corresponding  to  the  frequency  at  loss  maximum  of  ca.  20 
MHz.  The  intensity  of  this  process,  wnwhich  we  term  y*,  increases  with  exposure  time.  It  is  clear 
that  the  y*  process  is  not  a  modified  (b-rny  absorbed  moisture)  (3  process;  note  that  the  P  process  in 
the  dry  sample,  at  the  same  measuring  iz  temperature  of  50°C  (Fig.  5),  is  located  at  about  0.1  Hz,  a 
full  seven  decades  lower.  Apparenti^rzy,  the  y*  process  originates  in  the  interactions  of  the 
absorbed  moisture  with  the  y  process  ^  observed  in  the  dry  sample.  With  decreasing  measuring 
temperature  the  y*  process  moves  to  Icnower  frequency,  as  exemphfied  in  Figure  3.7a-c  measured 
at  -20,  -60  and  -1(X)°C,  respectively.  .-.^Analogous  observations  were  made  in  the  samples  exposed 
to  the  80°C  environment  for  various  limes  between  30  minutes  and  2  days,  as  seen  in  Figure 
3.8a-c  measured  at  20,  -20  and  -60°C:C,  respectively.  The  gradual  emergence  of  a  loss  peak  is 
noted  in  each  figure.  Interestingly,  zrthe  frequency  of  maximum  loss  increases  initially  (the 
average  relaxation  time  gets  shortefsr)  and  then  levels  off,  while  loss  intensity  increases 
continuously  with  exposure  time.  Whsen  samples  exposed  to  60  and  80°C  environments  for  the 
same  duration  are  compared  at  the  sanmne  measuring  temperature,  we  note  an  increase  in  intensity 
for  the  latter  batch.  All  fits  in  Figures  3.7  and  3.8  are  to  the  CC  functional  form.  We  have  also 
generated  KWW  fits  but  have  not  obseserved  a  systematic  variation  in  the  KWW  p  parameter  for 
those  samples.  The  calculated  average  value  of  pKww  of  about  0.3  is  below  that  for  the  segmental 
a  process,  but  slightly  above  a  typiizical  value  for  the  localized  P  process  in  molecular  and 
polymeric  glass-formers. 

An  alternative  way  of  displaying  the  er^ffect  of  absorbed  moisture  on  the  local  dynamics  is  to  plot 
the  loss  spectrum  at  a  fixed  exposure  e  time  and  with  measuring  temperature  as  a  parameter.  An 
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shown  in  Figure  3.9a-c,  for  the  60°C  environment  and  exposure  times  of  1  (9a),  3 
(9c)  days,  respectively.  Note  a  systematic  shift  of  the  y*  process  to  lower  frequency 
sing  measuring  temperature. 

te  plot  of  the  frequency  of  maximum  loss  for  different  relaxation  processes  and 
Its  is  shown  as  a  function  of  reciprocal  temperature  in  Figure  3.10.  Both  the  P  process 
I)  and  the  y*  process  are  Arrhenius,  with  activation  energy  of  about  80  kJ/mol  and  50 
pectively.  Data  in  Figure  3.10  for  the  y*  process  correspond  to  the  exposure  times 
ler  moisture  absorption  does  not  affect  the  average  relaxation  time.  We  observe  that 
r  the  60  and  80®  C  environments  fall  on  the  same  line  and  yield  the  same  activation 


xamined  the  dielectric  relaxation  strength,  Ae,  of  the  y*  process.  Ae  is  an  important 
aracteristic  because  it  depends  on  the  chemical  structure  and  molecular  architecture, 
strength  is  defined  as  A£=e’o-e’cc,  where  e’o  and  e’oc  represent  the  limiting  low-  and 
mcy  dielectric  permittivity,  respectively,  and  is  proportional  to  the  concentration  of 
d  the  mean-squared  dipole  moment  per  molecule.  The  possibility  of  analyzing 
elaxation  strength  in  terms  of  component  contributions,  and  for  each  component,  in 
lolecular  dipole  moments,  is  of  particular  interest  to  us.  If  the  concentration  of  each 
)up  could  be  obtained  from,  say,  the  FTIR  measurements,  then  the  change  in  the 
lolecular  architecture  during  moisture  absorption  could  be  monitored  in-situ  by  DRS. 
nformation,  the  classic  Onsager  (or  appropriately  modified)  model  could  be  used  as  a 
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starting  point  in  the  attempt  to  develop  a  relationship  between  chemical  and  physical  changes  in 
moisture-absorbing  networks.  The  Onsager  model^^  is  written  as: 

(£o  -£^)(2£o  -he^)  _  (4) 

eo(e~+2)^ 

where  e’o  and  e’oc  are  the  hmiting  low  and  high-frequency  permittivities,  Ni  is  the  dipole 
concentration  of  species  i  (in  dipoles/cm^),  <pi^>  is  the  ensemble  average  dipole  moment  squared 
of  molecule  i,  T  is  the  temperature,  and  8v  is  the  vacuum  permittivity.  The  ability  to  identify  and 
measure  precisely  the  concentration  of  a  particular  dipole  group  (or  an  interactive  hydrogen- 
bonded  complex)  raises  interesting  possibilities  as  regards  the  correlation  between  vibrational 
and  dielectric  spectroscopy.  In  Figure  3.11  we  show  a  composite  plot  of  dielectric  relaxation 
strength  as  a  function  of  exposure  time  at  60  and  80®  C,  with  measuring  temperature  as  a 
parameter.  The  data  reveal  that  (1)  Ae  increases  with  exposure  time  in  both  aggressive 
environments,  and  (2)  Ae  increases  faster  at  a  higher  exposure  temperature.  It  is  clear  that 
moisture  absorption  is  accompanied  by  an  increase  in  the  concentration  of  dipoles,  suggesting  a 
correlation  between  Ae  and  molecular  composition  (an  investigation  is  currently  underway  in  our 
laboratory). 

An  important  question  is  what  can  be  learned  from  the  DRS  data  about  the  molecular  origin  of 
sub-Tg  relaxations  and  the  y*  process  in  particular.  Although  the  precise  nature  of  the 
interactions  between  the  network  and  the  absorbed  moisture  could  be  studied  only  in  conjunction 
with  the  FTIR  data,  it  is  immediately  clear  that  the  y*  process  is  strongly  affected  by  water.  What 
is  not  clear  from  DRS  data  is  1)  in  what  form  (e.g.  isolated  single  molecules,  dimers,  trimers) 
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water  resides  within  the  adhesive,  2)  at  what  network  sites  water  forms  hydrogen  bonds,  and  3) 
in  how  many  hydrogen  bonds  a  water  molecules  participates?  We  briefly  discuss  the  first  point;  a 
more  detailed  examination  of  all  these  questions  is  offered  later  in  the  text.  An  attempt  to 
elucidate  the  form  in  which  water  initially  resides  in  the  network  was  made  in  an  earlier  study  of 
moisture  absorption  in  epoxy  networks,^^  where  a  dynamics  simulation  study  was  conducted 
with  the  aid  of  a  commercial  software  package  (Cerius  2).  A  stoichiometric  DGEBA/MDA 
mixture  composed  of  twenty-six  molecules  of  DGEBA  and  thirteen  molecules  of  MDA  was 
constructed  first.  Then,  nine  molecules  of  water  were  introduced  into  the  network,  bringing  the 
water  content  to  1.6%  by  weight  (a  reasonable  value  considering  that  the  maximum  water 
content  at  the  condition  of  that  study  was  ca.  3%  by  weight).  Although  that  simulation  was 
limited  to  a  relatively  small  network  fragment,  interesting  observations  were  made:  1) 
fluctuations  involving  network  atoms  and  water  molecules  were  seen,  and  2)  only  single 
molecules  of  absorbed  water  were  detected;  no  dimers  or  trimers  were  observed.  These 
observations  were  mostly  in  agreement  with  the  excellent  work  of  Musto  et  al.  ’  ,  though  our 
simulations  have  revealed  that  a  water  molecule  participates  in  hydrogen  bonding  to  only  one 
site  on  the  network.  If  and  to  what  extent  these  simulation  results  are  relevant  to  BMIs  is  not  yet 
known  and  we  are  currently  conducting  a  larger  simulation  study  on  BMI  networks. 

Notwithstanding  the  form  in  which  water  resides  in  the  adhesive,  a  comparison  with  the 
dynamics  of  liquid  water  is  warranted.  For  example,  at  50°C  hquid  water  has  a  dielectric  loss 
peak  at  about  25  GHz  (corresponding  to  an  average  relaxation  time  of  about  9  picoseconds)"*^, 
while  the  relaxation  time  of  the  y*  process  at  the  same  temperature  is  longer  by  about  three 
decades  on  the  frequency  scale.  Whether  the  reason  for  this  is  physical  (e.g.  steric  hindrance  due 
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to  neighboring  moieties,  such  as  benzene  rings)  and/or  chemical  (hydrogen  bonding  interactions 
with  specific  network  sites)  is  not  apparent  from  DRS.  The  findings  reported  by  Jehnski  et  al.‘^'’ 
in  their  study  of  epoxy  networks  by  soUd  state  NMR  spectroscopy  are  similar.  These  authors 
also  argue  that  the  “free”  water  (defined  as  isotropically  mobile  with  the  same  relaxation  time  as 
hquid  water)  is  not  present  in  the  network.  The  y*  process  in  BMIs,  with  an  average  relaxation 
time  of  160  ps  at  20°C,  is  slower  than  the  y  process  in  moist  epoxy-amine  networks,  but  faster 
than  the  P  process  in  these  networks.** 

Formation  of  hydrogen  bonds  throughout  the  network  is  expected  to  affect  the  dynamics. 
Identification  of  the  network  sites  that  could  form  hydrogen  bonds  with  absorbed  moisture 
requires  the  knowledge  of  molecular  architecture,  which,  in  turn,  requires  an  understanding  of 
the  reaction  mechanism  that  leads  to  network  formation.  While  only  a  few  such  studies  have 
been  reported,  the  complexity  of  BMI  cure  is  widely  recognized.'*^'^®  Suffice  it  to  say  that  a 
number  of  polymerization  and  cross-Unking  routes  have  been  claimed,  including 
homopolymerization  of  BMI  via  the  reaction  of  maleimide  C=C  double  bond  that  results  in  the 
formation  of  four  member  rings,  homopolymerization  of  BMI  via  the  reaction  of  maleimide  C=C 
that  involves  three  BMI  molecules,  reaction  between  the  maleimide  double  bonds  and  allyl 
groups,  homopolymerization  of  allyl  double  bonds,  etherification  (dehydration)  involving 
hydroxyl  groups  of  the  allyl  component,  etc.  Based  upon  the  earlier  investigations  of  the  effect  of 
cure  conditions  on  the  reaction  kinetics,  mechanism  and  structure  of  BMI  networks,"**  we  can  say 
that  the  thermal  history  used  in  this  study  will  give  rise  to  a  network  schematically  shown 
(characteristic  fragment)  in  Figure  3.12.  An  examination  of  this  figure  reveals  several  possible 
sites  (hydroxyl  group,  ether  oxygen,  carbonyl  group,  tertiary  amine  nitrogen)  that  could 
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participate  in  hydrogen  bonding  with  absorbed  moisture  (shown  in  bold,  Fig.  12).  In  examining 
this  issue  further,  we  raise  two  important  questions.  First,  is  there  an  order  of  preference,  as 
regards  the  network  site,  for  hydrogen  bond  formation?  And  second,  is  it  possible  to  determine 
the  number  of  network  sites  to  which  each  water  molecule  bonds?  It  was  anticipated  that  further 
insight  into  these  queries  would  be  obtained  from  the  FTBR  study;  thence  we  turn  attention  to  the 
results  of  near-ER  (NIR)  and  mid-IR  (MIR)  analysis  of  our  networks.  We  acknowledge  the  use  of 
conventional  FTIR  spectroscopy  to  detect  moisture  in  polymers,^°'^^  but  are  not  aware  of  any 
study  of  adhesive  joints  by  a  combined  NIR,  MIR  and  DRS  approach. 

NIR  and  MIR  spectra  of  the  individual  components  (A  and  B)  of  our  BMI  formulation  have  been 
documented  elsewhere  and  will  not  be  described  here.  A  NIR  spectrum  of  the  cured  dry 
network  is  shown  in  Figure  3.13.  All  major  peaks  of  relevance  in  cured  BMI  networks  are 
present,  including  hydroxyl  absorption  around  7000  cm‘\  allyl  and  maleimide  double  bond 
absorption  at  6112  cm’’  and  a  doublet  due  to  the  -CH  stretching  (4627,  4676  cm’’).  The  broad 
absorption  between  ca.  5750  and  5900  cm’’  has  been  shown'’^  to  contain  three  peaks 
characteristic  of  the  homopolymerized  maleimide  (component  A).  A  series  of  NIR  spectra  of 
moist  samples  taken  at  select  time  intervals  during  exposure  to  the  SO^C  environment  are  shown 
in  Figure  3.14a.  Difference  spectra  obtained  by  subtraction,  using  the  5500-6200  cm’’  range  as 
internal  standard,  are  shown  in  Figure  3.14b.  Water  uptake  causes  pronounced  changes  in  the 
4950-5400  cm’’  and  6200-7500  cm’’  range;  we  examine  the  former  first.  There  is  a  progressive 
increase  in  the  intensity  of  the  absorption  band  centered  at  5225  cm  ’  that  has  been  associated 
with  the  combination  band  due  to  bending  (deformation)  (1600-1650  cm’)  and  asymmetric 
stretching  (3100-3800  cm’’)  of  (the  absorbed)  water.  A  careful  inspection  of  the  data  also  reveals 
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a  consistent  increase  in  the  absorption  intensity  at  the  lower  wavenumber  (lower  frequency)  side 
of  the  5225  cm'*  peak,  suggesting  a  gradual  development  of  a  parallel  absorption  mechanism. 
This  is  an  interesting  finding.  Deconvolution  of  the  broad  absorption  was  carried  out  and  two 
absorption  peaks  were  clearly  detected,  as  exemplified  in  Figure  3.15.  Both  peaks  were 
Gaussian;  initially,  the  first  was  centered  at  5225  cm'*  and  the  second  at  5116  cm'*.  During 
exposure,  the  second  peak  exhibited  a  slight  shift  to  higher  wavenumber  (frequency). 
Interestingly,  the  area  under  each  peak  is  a  linear  function  of  water  content,  as  shown  in  Figure 
3.16.  Unfortunately,  identification  of  each  peak  with  specific  interactions  (although  of 
considerable  interest)  is  difficult  because  the  NIR  absorption  in  this  range  is  associated  with  the 
overtones  of  a  combination  of  bending  and  stretching  vibrations  that  are  affected  oppositely  by 
hydrogen  bonding;  therefore,  no  further  attempts  were  made  along  those  lines. 

Additional  information  was  obtained  from  the  consideration  of  the  characteristic  hydroxyl 
absorption  in  the  6200-75(X)  cm'*  region.  Deconvolution  of  the  spectra^"*  reveals  the  presence  of 
three  absorption  bands  (following  a  2-hour  exposure  to  80°C)  centered  at  7088,  6804  and  6445 
cm'*,  as  seen  in  Figure  3.17.  Similar  observations  were  reported  in  other  systems,  including  the 
liquid  mixtures  of  water  with  non-polar  and  polar  solvents,  and  cross-Unked  thermoset 
networks.^^’  An  explanation  was  offered  by  postulating  the  existence  of  three 
spectroscopically  distinguishable  forms  of  hydrogen  bonding,  termed  So,  Si  and  S2,  where 
subscripts  zero,  one  and  two  denote  the  number  of  hydrogen  atoms  of  the  water  molecule  that 
participate  in  hydrogen  bonding.  Based  on  the  changes  in  the  breadth  and  the  full  width-at-half- 
height  (fwhh)  of  the  peaks  at  7088,  6804  and  6445  cm'*,  an  argument  can  be  put  forward  to 
associate  these  absorption  bands  with  So,  Si  and  S2,  respectively.  Although  the  fwhh  of  each 
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peak  did  not  change  with  water  uptake,  the  fwhh  of  the  6445  cm  *  band  was  about  two-three 
times  greater  that  the  other  two.  This  further  supports  the  assignment  of  the  6445  cm  *  band  to 
strong  hydrogen  bonding  interactions  likely  to  be  encountered  in  S2  complexes. 

An  important  consideration  is  the  proportion  of  non  hydrogen-bonded  (So)  to  hydrogen-bonded 
(Si  +  S2)  water  absorbed  in  the  network.  We  have  monitored  the  increase  in  the  peak  area  of  the 
corresponding  absorption  bands  during  moisture  uptake  and  have  calculated  the  So  /St  ratio, 
where  St=  So  +  Si  +  S2.  The  absorbance  area.  A,  is  related  to  the  concentration  of  the  absorbing 
species,  C,  by  A=aC,  where  a  is  the  absorption  coefficient.  We  extended  Choppin’s  findings^^ 
that  the  absorption  coefficient  for  So,  Si  and  S2  in  water-solvent  systems  did  not  vary  with  the 
type  of  solvent  to  our  BMI  network  and  utiUzed  his  values  for  ai,  a2  and  as.  The  following 
equation  was  then  used  to  calculate  the  relative  concentration  of  each  species  (i  =  0, 1  or  2): 

Q/  = _ _  (5) 

Aoss  ^  ^5o  -^804  ■'VmS  ^ 

The  relative  ratios  of  various  forms  of  absorbed  water  are  plotted  as  a  function  of  water  content 
in  Figure  3.18.  It  is  very  interesting  to  note  that  about  70%  of  the  absorbed  water  is  in  the  So 
form  and  that  the  ratio  of  any  absorbed  species  (So,  Si  or  S2)  to  the  total  absorbed  water  changes 
very  little  with  moisture  uptake. 

We  have  also  utilized  the  DRS  data  for  an  analogous  calculation.  Let  us  assume  that  the  y* 
process  represents  the  dynamics  associated  with  the  Si  and  S2  forms,  while  a  faster  (higher 
frequency)  process,  termed  6,  represents  the  dynamics  of  the  non  hydrogen-bonded  water  (So). 
The  value  of  e’  at  0.1  Hz  was  taken  as  the  hmiting  low-frequency  permittivity  that  encompasses 
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8  processes  (i.e.,  0.1  Hz  «  cOmaxT- 
limiting  low-frequency  permittivi 
the  changes  in  e’  at  0.1  and  1  M 
(Crease  in  the  total  (St  =  So  + 
The  So/  St  ratio  can  th(sn  be  calcui: 


niaxr»;  Fig.  7).  The  value  of  e’  at  1  MHz  was  taken  to 
irivity  for  the  8  process  (i.e.,  1  MHz  «  cOmaxs).  Thus 
.  MHz  during  moisture  uptake  one  gets  information 
-  Si  +  S2)  and  non  hydrogen-bonded  (So)  water, 
iculated  from  the  following  equation: 


t)  £  _  Sq 
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,  the  values  of  So  /St  calculated  frc 
ange  between  0.6  and  0.8  and  di± 
lels  the  result  of  the  amalysis  baser 
e  So  /St  ratio  from  the  DRS  dataz 
ition  (eq.  4)  into  the  following  fon 


iTrom  eq.  6  (shown  in  Figure  3.19  as  filled  symbols) 
zdid  not  vary  systematically  with  exposure  time.  This 
ased  on  the  NIR  data,  shown  in  Figure  3.18.  We  also 
lata  by  manipulating  the  left-hand  side  (LHS)  of  the 
zrorm: 


(m)^ 

\MHz 

:  Hz  X^^  IWHz  ) 

{dry) 

=  (^.  +  2/  J 

^  IMHz 

So 

(m)^- 

0.1  Hz 

..'z  X^^  O.lHz  ) 

{dry) 

s, 

J 

£ 

O.lHz 

values  of  e’  at  0.1  Hz  and  1  MH;  - = — -4H7.  have  the  same  physical  significance  as  described 

e  value  of  Eo.,  the  limitring  high  fr  . —frequency  permittivity  for  our  network,  was  set  at  e« 

0  /St  values  calculatecri  from  eq.  . _j.  7,  shown  as  open  symbols  in  Figure  3.19,  are  in 

eement  with  the  valuess  obtained  t:  i^d  from  eq.  6  (filled  symbols). 
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A  MIR  spectrum  of  a  dry  BMI  network  is  shown  in  Figure  3.20.  Again,  all  major  peaks  that 
characterize  BMI  networks  are  present.  Of  major  interest  here  is  the  range  between 
approximately  3000  and  3700  cm'*,  where  vibrational  modes  due  to  the  various  forms  of 
hydrogen  bonding  are  located.  A  close-up  of  that  spectral  range  in  a  dry  sample  is  shown  in 
Figure  3.21.  Deconvolution  of  the  spectrum  of  Figure  3.21  results  in  a  weak  absorption  band  at 
3652  cm'*  and  three  more  bands  at  lower  frequencies.  Moisture  uptake  has  a  dramatic  effect  on 
the  intensity  of  all  absorption  peaks,  as  exemplified  in  the  spectrum  shown  in  Figure  3.22.  A 
series  of  difference  spectra  (obtained  by  subtracting  the  spectrum  of  a  dry  sample  from  that  of 
each  moist  sample)  with  exposure  time  at  60*'C  as  a  parameter,  are  shown  in  Figure  3.23.  Two 
distinct  regions  are  observed;  a  relatively  sharp  absorption  between  3600  and  3700  cm  *  and  a 
broad,  irregularly  shaped  absorption  between  about  3600  and  3100  cm'*.  An  example  of 
deconvoluted  spectrum  of  a  sample  exposed  to  the  60°C  environment  is  shown  in  Figure  3.24. 
The  intensity  of  those  absorption  bands  increases  with  exposure  time  and  the  important  question 
is  what  is  the  molecular  origin  of  these  changes?  We  first  consider  the  narrow  absorption  band  at 
higher  frequency  that  was  fit  to  a  Gaussian  function  with  a  peak  at  3639  cm'*.  There  is  httle 
doubt  that  this  absorption  is  due  to  the  previously  defined  So  species  and  that  it  corresponds  to 
the  7088  cm  *  NIR  band  assigned  to  a  combination  of  symmetric  and  asymmetric  stretching  of 
non-hydrogen  bonded  water.  This  absorption  was  observed  in  polymer  networks  and  water- 
solvent  mixtures,  and  has  been  attributed  to  non-hydrogen-bonded  water.^^^^  In  our  BMI 
network,  this  absorption  is  assigned  to  water  molecules  located  in  the  pockets  surrounded  by 
hydrophobic  moieties,  such  as  benzene  rings,  where  the  likelihood  of  hydrogen  bonding  is  low. 
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We  next  proceeded  with  attempts  to  deconvolute  the  broad  absorption  range  between  3600  and 
3100  cm  \  The  best  results  were  obtained  using  three  Gaussian  functions,  as  shown  in  Figure 
3.21  for  dry  BMI,  with  peaks  initially  centered  at  3599,  3470  and  3238  cm  *.  The  absorption 
intensity  (defined  by  the  area  under  the  peak)  increases  with  increasing  exposure  time.  The 
presence  of  several  absorption  bands  confirms  that  1)  the  absorption  mechanism  is  complex  and 
2)  the  often-invoked  but  seldom  justified  concept  of  two  types  of  absorbed  moisture,  lumped 
under  “loosely”  and  “strongly”  bound  water,  is  an  oversimplification  of  the  actual  situation.  But 
what  can  we  say  about  the  molecular  origin  of  absorption  bands  at  3599,  3470  and  3238  cm  *  ?  It 
is  evident  that  these  three  bands  are  associated  with  hydrogen  bonded  water,  though  it  is  not 
clear  from  the  MIR  spectra:  1)  what  specific  atoms/sites  on  the  network  participate  in  these 
interactions,  2)  in  what  order  of  preference  (if  any),  and  3)  how  many  hydrogen  atoms  on  a  given 
water  molecules  form  a  bond.  In  a  BMI  network,  as  argued  earlier,  the  absorbed  water  could 
(possibly)  form  a  hydrogen  bond  at  several  sites  on  the  network,  including  the  hydroxyl  group, 
the  ether  oxygen,  the  carbonyl  group  and  the  tertiary  amine  nitrogen.  But  while  the  strength  of 
hydrogen  bonding  interactions  (and  the  corresponding  frequency  shift)  is  known  to  depend  on 
the  nature  of  the  donor-acceptor  pair,  the  identification  of  an  absorption  band  with  a  particular 
type  of  hydrogen  bond  (i.e.  between  water  hydrogen  and  one  of  the  above  specified  network 
sites)  is  not  straightforward.  The  quantitative  interpretation  of  MIR  spectra  is  further  complicated 
by  difficulties  associated  with  a  precise  measurement  of  the  (frequency  dependent)  molar 
absorptivities  for  various  interacting  pairs.  Nonetheless,  Musto  et  al.^^  ,  in  their  study  of  water 
absorption  in  epoxy,  networks  have  tentatively  assigned  the  3599  cm'*  band  to  the  stretching 
mode  of  hydrogen  bonded  water  hydroxyl.  But  the  identity  of  an  epoxy  or  BMI  network  site  that 
participates  in  hydrogen  bonding,  in  either  Si  or  S2  form,  remains  unspecified.  Moreover,  if  the 
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absorbed  water  forms  dimers  or  trimers,  there  will  also  be  a  possibility  of  hydrogen  bonding 
between  the  adjacent  water  molecules  (S3).  It  is  therefore  fair  to  say  that  although  a  water 
molecule  can  participate  in  one  (Si)  or  two  hydrogen  bonds  (S2),  an  outright  quantitative 
identification  of  a  MIR  absorption  band  with  a  specific  complex  form  (Si,  =S2,  S3)  warrants 
further  research.  We  do  anticipate  that  the  ongoing  simulation  study  on  a  larger  BMI  network 
will  provide  additional  information. 

A  final  comment  regards  our  efforts  aimed  at  the  development  of  fundamental  quantitative 
correlation  between  FTIR  and  DRS  data.  That,  in  effect,  would  provide  a  hnk  between  the 
chemical  (FTIR)  and  physical  (DRS)  phenomena  that  accompany  water  absorption  into  the 
network.  Specifically,  we  are  seeking  to  correlate  a  dielectric  material  parameter  (such  as  the 
average  relaxation  time,  dielectric  strength  or  a  shape  parameter  of  the  dielectric  spectrum)  with 
a  fundamental  parameter  deduced  from  the  FTIR  spectra  (e.g.,  absorption  strength,  dipole  type 
and  concentration).  This  will  be  the  subject  of  a  forthcoming  pubhcation. 

3.6  Conclusions 

The  results  of  this  investigation  provide  new  insight  into  the  local  molecular  dynamics  and  the 
chemical  interactions  between  bismaleimide  (BMI)  networks  and  absorbed  water.  Near-IR  (NIR) 
and  mid-IR  (MIR)  analyses  revealed  the  presence  of  non  hydrogen-bonded  and  hydrogen- 
bonded  water.  A  quantitative  analysis  of  NIR  and  DRS  data  revealed  that  about  70%  of  the 
absorbed  water  is  non  hydrogen-bonded. 


60 


The  non  hydrogen-bonded  water,  termed  So,  is  represented  by  the  NIR  and  MIR  absorption 
bands  at  7088  and  3639  cm'\  respectively.  Characteristic  absorption  bands  in  the  NIR  and  MIR 
spectra  were  deconvoluted  and  attempts  were  made  to  match  absorption  bands  with  water 
molecules  that  participate  in  one  (SO  or  two  (S2)  hydrogen  bonds.  But  the  identification  of  an 
absorption  band  with  a  specific  atom/site  on  the  BMI  network  that  participates  in  hydrogen 
bonding  (e.g.,  ether  oxygen,  hydroxyl  group,  carbonyl  group,  tertiary  amine  nitrogen)  was  not 
straightforward  and  more  should  be  learned  before  such  assignments  are  made. 

The  absorbed  water  molecules  contribute  to  the  development  of  a  local  relaxation  process, 
termed  y*.  The  dielectric  relaxation  strength  of  this  process  was  observed  to  increase  with 
increasing  moisture  uptake.  Like  most  sub-Tg  relaxations,  the  y*  process  is  Arrhenius,  with 
activation  energy  of  50  kJ/mol.  The  y*  dynamics  are  slower  that  those  of  liquid  water,  the 
probable  cause  being  the  steric  hindrance  imparted  by  the  surrounding  network.  One  particularly 
important  finding  is  that  the  average  relaxation  time  for  the  y*  process  at  temperatures  above 
25°C  is  of  the  order  of  nanoseconds  and  hence  its  detection  hinges  on  the  ability  to  perform  high 
precision  dielectric  measurements  in  the  frequency  range  above  1  MHz.  This  is  an  important 
consideration  in  the  ongoing  efforts  aimed  at  the  implementation  of  DRS  as  non-destructive 
inspection  tool  for  adhesive  joints. 
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Figure  3.2.  Photographs  of  our  setup  for  dielectric  measurements.  On  the  right  is 

Novocontrol’s  Alpha  analyzer,  and  a  4291  RF  impedance  analyzer  on  top 
of  it.  On  the  left  is  the  cryostat  with  the  mobile  unit  behind  it  and  the  two 
cells  in  their  uppermost  (high  frequency  -  left  and  low  frequency  -  right). 
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log  f[Hz] 

Figure  3.3.  Dielectric  pernmitti'vity  (a)  and  loss  (b)  in  the  frequency  domain  for  uncured 
BMI  with  tempperature  as  a  parameter.  Solid  lines  are  fits  to  the  Havriliak- 
Negami  equatition. 
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Figure  3.4.  Log  frequencyry  at  maximum  loss  as  a  function  of  reciprocal  temperature 
for  uncured  BJRMI.  Solid  line  is  a  VFT  fit. 
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Figure  3.5.  Dielectric  permittivity  and  loss  in  the  frequency  domain  for  cured  BMI  with 
temperature  as  a  parameter.  Solid  lines  are  fits  to  the  Havriliak-Negami 
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Figure  3.6.  Dielectric  loss  in  the  frequency  domain  measured  at  50”C  for  0, 3  and  5- 
day  exposure  to  60°C/98%  RH. 
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Figure  3.7.  Dielectric  loss  in  the  frequency  domain  for  cured  BMI  exposed  to  60°C/98% 
RH  with  exposure  time  as  a  parameter,  measured  at  (a)  -20°C,  (b)  -60°C 
and  (c)  -100°C. 
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Figure  3.8.  Dielectric  loss  in  the  frequency  domain  for  cured  BMI  exposure  to  80°C/98% 
RH  with  exposure  time  as  a  parameter,  measured  at  (a)  20°C,  (b)  -20°C  and 
(c)  -60°C. 
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Figure  3.9. 
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Figure  3.10,  Log  frequency  at  maximum  loss  as  a  function  of  reciprocal  temperature 
for  different  exposure  times  in  dry  and  moist  BMI. 
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Figure  3.11.  Dielectric  relaxation  strength  of  cured  BMI  after  exposure  to  60°C  and 
SO^C  environments  as  a  function  of  exposure  time. 
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Figure  3.12.  Chemical  structure  of  a  fragment  of  cured  BMI  network.  Note:  Different 
network  sites  that  could  participate  in  hydrogen  bonding  with  absorbed 
water  (shown  in  bold). 


Figure  3.13.  NIR  spectrum  of  cured  BMI. 
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Figure  3.14.  a  -  NIR  spectra  of  BMI  at  different  exposure  times:  dry,  2hrs,  Iday,  4 
days  and  23  days;  b  -  difference  spectra. 
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Figure  3.15.  Deconvolutee^^sd  difference  spectra  in  the  5000-5400  cni"l  range  after  a  4- 
day  exposure=sto  /98%RH. 
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Figure  3.16.  Mbsorbance  area  as  a  function  of  water  content. 
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Figure  3.17  Deconvoluted  NIR  spectrum  of  cured  BMI  after  exposure  to  80°C  for  5h. 
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Figure  3.18.  Ratio  of  non  hydrogen-bonded  (So)  to  total  (St)  absorbed  water  as  a 
function  of  water  content,  calculated  from  the  NIR  data. 
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Figure  3.19  Ratio  >  of  non  hydrogen-bonded  (So)  to  total  (St)  absorbed  water  as  a 

functiion  of  water  content,  calculated  from  the  DRS  data;  filled  symbols 
(eq.  6o);  open  symbols  (eq.  7). 
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Figure  3.20.  MIR  spectrum  of  cured  BMI. 
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Figure  3.21.  Deconvoluted  MIR  spectrum  of  cured  BMI  in  the  3700-2800cm'^  region. 


Figure  3.22.  MIR  spectra  of  cured  BMI  after  exposure  to  different  periods  of  time. 
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.23.  Difference  "  "f- spectra  of  cured  BMI  in  the  3700-3000cm'^  range  after 

exposure  to  . . .  60®C/98  %RH  for  different  time. 
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Deconvoluted  :...:r:^:zr= - ^ MIR  spectrum  of  cured  BMI  in  the  3700-2800cm'^  region, 

following  exposH^^^HMomDosure  to  60^C/98  %RH  environment  for  30min. 
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4.0  THE  STRENGTH  AND  DURABmiTY  OF  ADHESIVELY  BONDED  JOINTS 


4.1  Introduction 

Adhesive  bonding  has  always  been  a  desirable  method  of  joining  two  or  more,  components  and 
bonding  is  often  used  in  structural  applications  for  aircraft,  automobile  and  many  other  industries. 
Bonded  joints  have  a  better  strength-to-weight  ratios  and  stress  distribution  compared  to 
mechanical  fasmers  [1].  Bonded  joints,  however,  are  susceptible  to  moisture  and  temperature- 
induced  degradation.  Absorption  of  moisture  by  adhesives  is  usually  one  of  the  main  factors 
behind  degradation  of  the  joint  strength. 

All  organic  adhesives  absorb  water  to  some  extent  and  as  a  result,  the  mechanical  behavior  of 
adhesives  is  changed.  The  change  in  mechanical  properties  of  adhesive  due  to  water  absorption  is 
the  result  of  physical  and/or  chemical  interactions  of  the  adhesive  with  ingressing  water 
molecules.  Most  of  the  modem  adhesives  are  not  easily  hydrolyzed  (good  chemical  resistance  to 
water),  however,  physical  interaction  in  the  form  of  plasticization  is  common. 

The  primary  objective  of  this  work  is  to  understand  the  microscopic  physical  and/or  chemical 
changes  occurring  in  the  adhesive  upon  exposure  to  a  hygrothermal  environment,  and  to  correlate 
that  information  to  the  changes  in  the  macroscopic  mechanical  properties. 

4.2  EXPERIMENTAL 
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4.2.1  Test  Equipment,  Materials  and  Supplies 

The  environmental  test  chamber  (temperature/humidity  chamber)  was  purchased  from  Associated 
Environmental  Systems,  Ayer,  MA.  The  de-ionized  water  (resistivity  -18.0  MQ)  system  (E- 
pure  system,  Bamstead/Thermolyne  Corporation)  was  purchased  from  Fisher  Scientific.  A  direct 
current  power  supply  unit  (model  LM30-6,  Sorensen),  required  for  phosphoric  acid  anodization, 
was  purchased  from  Elgar  Electronics  Corporation,  San  Diego,  CA.  An  analytical  balance  (model 
HR- 120)  was  purchased  from  Precision  Weighing  Balances,  Bradford,  MA.  The  balance  is 
accurate  to  0.0001  grams. 

Aluminum  (2024-T3)  plates  and  rods  were  obtained  from  Copper  and  Brass  Sales,  Cleveland, 
Ohio  for  making  wedge,  double  notch  shear  (DNS)  and  DRS  test  specimens.  The  wedge  test 
specimens  were  made  from  3.175  mm  thick,  152.4  x  127  mm  aluminum  plates,  while  DNS  test 
specimens  were  made  from  4.064  mm  thick,  114.3  x  88.9  mm  aluminum  plates.  The  plates  were 
saw  cut  to  size  by  the  manufacturer  to  help  ensure  flamess.  The  stainless  steel  shim  (Precision 
Brand)  having  a  thickness  of  0.127  mm,  used  for  maintaining  bondline  thickness  in  bonded  joints 
in  DNS  and  wedge  test  configurations,  was  purchased  from  Innovative  Distributor  Group,  Inc. 
(IDG),  Dayton,  Ohio. 

The  unsupported  (without  scrim)  FM-73U  epoxy  film  (0.0889  mm  thick)  was  obtained  from 
Cytec  Fiberite.  The  FM73U  film  adhesive  was  stored  in  the  freezer  (==-20°C)  until  required.  The 
model  epoxy  system  consisted  of  diglycidyl  ether  of  Bisphenol  A  (DGEBA)  and  methylene 
dianiline  (MDA)  were  obtained  from  Sigma  Aldrich  Chemical  Corporation.  A  two-component 
bismaleimide  (BMI)  formulation  (Matrimid  5292)  consisting  of  4,  4’  bismaleimidodiphenyl 
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methane  (component  A)  and  0,  0’  diallyl  bisphenol  A  (component  B)  were  obtained  from  Ciba- 
Geigy  Corporation. 

Chemicals  such  as  0-phosphoric  acid  (certified  ACS  grade),  nitric  acid  (certified  ACS  plus  grade) 
and  sodium  hydroxide  pellets  (certified  ACS  grade)  were  purchased  from  Fisher  Scientific  and 
used  without  further  purification. 

The  adhesively  bonded  aluminum  plates  were  machined  to  prepare  DNS  and  wedge  test 
specimens.  The  bonded  plates  were  machined  by  BITEC  or  CNC  Production  Machining  or 
Stafford  Gage  and  Tool,  Dayton,  Ohio. 

4.2.2  Surface  Pretreatment 

The  surfaces  of  the  DNS  and  wedge  test  specimens  were  prepared  for  bonding  using  ASTM 
Standard  D  2651-90  “Practice  for  Preparation  of  Metal  Surfaces  for  Adhesive  Bonding”  and 
ASTM  Standard  D  3933-88  “Guide  for  the  Preparation  of  Aluminum  Surfaces  for  Structural 
Adhesive  Bonding  (Phosphoric  Acid  Anodizing)”.  The  PAA  surface  treatment  of  aluminum  plate 
was  carried  out  for  20  minutes  at  10  volts.  The  PAA  surface  treatment  was  utilized  on  all 
aluminum  adherends  prior  to  adhesive  bonding.  Phosphoric  acid  anodization  (PAA)  was  earned 
out  in  phosphoric  acid  solution  (7%  v/v)  bath  for  20  minutes  at  10  0.1  volts.  The  PAA  surface 
treated  adherends  were  stored  in  desiccator  until  bonding.  The  PAA  treated  adherends  were 
bonded  within  3  days  after  the  surface  preparation.  The  PAA  treated  adherends  were  inspected 
prior  to  bonding  using  the  polarizing  filter. 
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4.2.3  Adhesive  Bonding 

The  appropriate  bonding  procedure  and  cure  schedule  for  FM-73U,  model  epoxy  and 
bismaleimide  adhesives  are  given  below. 

For  FM-73U  adhesive  system,  two  layers  of  adhesive  film  were  sandwiched  between  two  PAA 
treated  aluminum  adherends.  The  bond  line  thickness  of  0.127  mm  was  maintained  by  placing 
two  stainless  steel  shim  (0.127  mm  thick)  on  either  sides  of  the  plate.  The  plates  were  then  placed 
in  a  hot  press  and  cured.  The  cure  schedule  involved  heating  the  plates  from  20°C  to  1 10°C  at  the 
rate  of  5°C/min  and  maintaining  it  at  1 10°C  for  60  minutes  under  pressure  (0.10  MPa). 

For  model  epoxy,  the  stoichiometric  amounts  of  epoxy  groups  and  amine  hydrogen  were  used  and 
the  components  were  mixed  until  a  clear  mixture  was  obtained.  The  mixture  was  then  spread  on 
PAA  treated  aluminum  adherends,  and  the  two  plates  were  pressed  together.  The  cure  schedule 
involved  heating  the  sample  from  20°C  to  180°C  at  the  rate  of  5°C/min  and  maintaining  it  at 
180°C  for  30  minutes  under  pressure  (0.10  MPa). 

The  two  components  of  bismaleimide  formulation  were  mixed  in  equimolar  ratio  at  120-125°C 
and  stirred  continuously  until  a  clear,  homogeneous  mixture  was  obtained.  The  mixture  was  then 
spread  on  PAA  treated  aluminum  adherends,  and  the  two  plates  were  pressed  together.  The  cure 
schedule  involved  heating  the  sample  from  20°C  to  240°C  at  the  rate  of  5°C/min  and  maintaining 
it  at  240°C  for  30  minutes  under  pressure  (0.10  MPa).  The  adhesively  bonded  plates  were  then 
machined  to  make  wedge  and  DNS  test  specimens.  However,  for  bismaleimide  this  cure  schedule 
produced  a  highly  brittle  adhesive;  almost  all  of  the  adhesively  bonded  plates  failed  while  they 
were  machined  to  produce  wedge  and  DNS  test  specimens.  So,  mechanical  test  data  could  not  be 
obtained  for  the  aluminum/bismaleimide  system. 
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For  each  adhesive  system,  the  adhesively  bonded  test  specimens  were  subjected  to  the  identical 
thermal  history  (by  heating  10°C  above  the  Tg  and  then  coohng  to  room  temperature)  prior  to  the 
exposure  to  environment  in  order  to  factor  out  the  effect  of  structural  relaxation  between  different 
test  samples.  The  DSC  Tga  of  cured  FM73U  and  model  epoxy  adhesives  was  93°C  and  170°C, 
respectively. 

4.2.4  Double  Notch  Shear  (DNS)  Test: 

The  FM73-U/aluminum  DNS  specimens  were  exposed  to  95%  relative  humidity  at  50°C,  60°C 
and  80°C  for  various  times.  The  model  epoxy/aluminum  DNS  specimens  were  exposed  to  95% 
relative  humidity  at  60°C,  and  at  room  temperature  in  20%  relative  humidity  for  various  times.  At 
each  exposure  condition,  test  specimens  were  removed  from  the  environmental  chamber  at  regular 
intervals  and  weighed  after  allowing  them  to  cool  to  room  temperature  (approximately  after  10 
minutes).  At  the  end  of  the  environmental  exposure  period,  specimen  was  removed  from  the 
environmental  chamber  and  a  mechanical  test  was  performed  within  one  hour.  Some  of  FM- 
73U/aluminum  specimens  that  were  exposed  to  95%  relative  humidity  at  50°C  and  80°C  for  14 
days  were  vacuum  dried  at  70°C  for  0.5  hr  prior  to  mechanical  testing.  For  each  DNS  specimen, 
the  average  thickness  and  width  of  the  bonded  region  were  recorded  prior  to  mechanical  testing. 
The  DNS  specimens  were  subjected  to  axial  compression  load  as  per  ASTM  D  3846-94.  The 
specimen  was  loaded  edgewise  in  a  supporting  jig  of  the  same  description  as  referenced  in  ASTM 
D  695.  For  each  specimen,  load  versus  stroke  data  was  recorded.  The  ultimate  failure  load  was 
noted  for  each  test  specimen.  The  shear  strength  was  then  calculated  from  the  knowledge  of 
ultimate  failure  load  and  area  of  the  bonded  region.  An  average  shear  strength  value  was  obtained 
by  testing  four  or  five  specimens  per  condition.  The  debonded  DNS  specimens  were  visually 
inspected  to  determine  the  mode  of  failure. 
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4.2.5  Wedge  Test: 

The  wedge  test  specimens  were  prepared  as  per  ASTM  D  3762-79  standard.  Generally,  the 
ASTM  test  procedure  was  followed  except  that  the  size  of  the  wedge  specimen  was  shortened 
from  203.2  x  25.4  mm  to  127  x  25.4  mm.  The  FM-73U/aluminum  wedge  specimens  were 
exposed  to  95%  relative  humidity  at  temperatures  40°C,  50°C,  60°C,  70°C  and  80°C.  Some  FM- 
73U/aluminum  test  specimens  were  also  exposed  to  boiling  water.  The  model  epoxy/aluminum 
wedge  specimens  were  exposed  to  95%  relative  humidity  at  60°C  and  80°C,  and  at  room 
temperature  in  20%  relative  humidity.  For  each  environmental  condition,  a  total  of  five  wedge 
specimens  were  tested.  The  wedge  test  specimen  was  periodically  removed  from  the  test  chamber 
and  crack  length  was  measured  and  recorded  as  a  function  of  time.  The  initial  crack  length  ao, 
crack  extension  Aa,  and  crack  extension  failure  mode  were  recorded  in  accordance  with  the 
ASTM  standard.  At  the  end  of  the  test  exposure-period,  wedge  specimens  were  forced  open  and 
visually  inspected  to  determine  the  mode  of  failure. 


4.3  RESULTS  AND  DISCUSSION 

4.3.1  Adherend  Surface  Characterization 

The  PAA  treated  aluminum  surface  was  characterized  using  X-ray  photoelectron  spectroscopy 
(XPS),  Auger  Electron  Spectroscopy  (AES)  and  Scanning  Electron  Microscopy  (SEM).  The 
elemental  composition  of  PAA  treated  aluminum  surface,  as  determined  by  XPS  technique,  is 
given  in  Table  4.1.  The  elements  carbon,  oxygen,  aluminum  and  phosphorous  were  detected  on 
PAA  treated  aluminum  surfaces.  The  binding  energy  of  phosphorous  (134.0  eV)  suggests  that  it 
is  in  the  oxidized  form,  most  likely  in  the  form  of  POT^  or  P2O5.  The  binding  energy  of 
aluminum  (74.4  eV)  is  consistent  with  that  of  aluminum  in  the  form  of  oxide  (AI2O3).  The 
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oxygen  binding  energy  value  is  531.7  eV.  When  phosphorous  is  present  in  the  form  of  AIPO4  and 
the  contribution  of  this  is  subtracted  off,  the  O/Al  ratio  for  what  remains  is  about  1.6,  which  is 
close  to  what  is  expected  for  AI2O3.  The  source  of  carbon  on  the  PAA-treated  aluminum  surface 
is  from  the  hydrocarbon  contamination  from  the  atmosphere.  The  hydrocarbon  contamination  is 
difficult  to  avoid  since  hydrocarbons  are  adsorbed  inadvertently  on  the  metal  surfaces  when 
exposed  to  the  atmosphere. 

The  AES  depth  profile  of  a  PAA  treated  aluminum  surface  is  shown  in  Figure  4.1.  The  sputter 
rate  for  AES  depth  profile  is  150  A/min.  The  AES  depth  profile  of  a  PAA-treated  aluminum 
shows  that  the  aluminum  oxide  layer  is  about  1400  A  thick. 

The  SEM  photomicrograph  of  as  anodized  (PAA  treated)  aluminum  surface  is  shown  in  Figure 
4.2.  The  oxide  surface  of  a  PAA-treated  aluminum  has  a  microscopically  rough  morphology. 
The  micro-rough  oxide  morphology  provides  a  better  means  for  mechanical  keying  between  the 
oxide  surface  and  the  adhesive  that  is  desired  for  improved  strength  and  durability  of  an 
adhesively  bonded  joint. 

4.3.2  DNS  Test  Results  for  FM73U/aIunrinum  Joints 

Figure  4.3  shows  a  representative  load  versus  stroke  trace  of  a  control  specimen  (as  bonded, 
unexposed  DNS  specimen).  The  average  maximum  failure  shear  strength  for  unexposed  DNS 
specimens  is  64.0  ±  3.0  MPa.  The  load  versus  stroke  data  exhibits  a  nonlinear  stress-strain 
behavior  that  can  be  adequately  represented  by  a  bilinear  curve,  which  is  typical  of  ductile 
materials.  In  general,  the  bihnear  behavior  can  be  conveniently  divided  into  two  parts:  an  elastic 
zone  with  corresponding  elastic  shear  modulus  and  elastic  shear  strain  component,  and  a  plastic 
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zone  with  corresponding  plastic  shear  modulus  and  plastic  shear  strain  component.  The  DNS  test 
results  can  be  interpreted  in  terms  of  shear  stress-strain  curves,  which  is  a  material  property.  The 
visual  inspection  of  debonded  control  specimen  showed  bond  faihng  primarily  within  the 
adhesive  (cohesive  failure  mode). 

Figures  4.4-4.6  shows  a  representative  load  versus  stroke  data  for  DNS  specimens  exposed  to  95% 
relative  humidity  at  50°C,  60°C  and  SO^C,  respectively,  for  various  times.  A  representative  load 
versus  stroke  data  for  an  unexposed  specimen  is  also  included  in  the  figure  for  comparison 
purposes.  The  shear  strength,  as  a  function  of  various  test  environments  and  exposure  time  for 
FM-73U/aluminum  bonded  joints,  is  summarized  in  Table  4.2.  The  standard  deviations  from  the 
average  values  are  given  at  95%  confidence  Umit.  The  average  shear  strength  values  increased 
shghtly  for  specimens  exposed  to  95%  relative  humidity  for  a  day  (24  hours)  at  50°C  and  60°C 
compared  to  the  control  specimen  (no-exposure  specimen),  however,  the  strength  values  are 
within  the  experimental  errors  of  margin.  An  increase  in  an  initial  joint  strength  could  be 
attributed  to  the  reUef  of  shrinkage  stresses  in  the  adhesive  due  to  the  presence  of  moisture  [2].  A 
similar  behavior  has  been  reported  in  the  literature  for  various  adhesively  bonded  joints  where  an 
initial  increase  in  joint  strength  with  time  in  a  wet  environment  is  observed  [3,4].  The  shrinkage 
stresses  develop  in  the  adhesive  during  the  bonding  and  curing  process.  However,  for  specimens 
exposed  to  95%  relative  humidity  at  80°C,  the  shear  strength  decreases  as  the  exposure  time  is 
increased.  Compared  to  a  control  specimen,  specimens  exposed  to  95%  relative  humidity  at  80°C 
didn’t  exhibit  an  increase  in  shear  strength  after  24  hours  of  exposure.  This  could  be  due  to 
accelerated  plasticization  of  the  adhesive  at  80°C  that  negates  the  advantage  due  to  relief  of 
shrinkage  stresses  in  the  adhesive.  In  general,  the  DNS  test  result  shows  that  the  average  shear 
strength  decreases  with  an  increase  in  exposure  time  at  various  temperatures. 
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Compared  to  a  control  specimen,  the  average  shear  strength  decreased  by  17%,  9%  and  36%  for 
specimens  exposed  to  95%  relative  humidity  at  50°C  for  3  days,  7  days  and  14  days,  respectively. 
For  specimens  exposed  to  95%  relative  humidity  at  60°C  for  3  days,  7  days  and  14  days  the 
average  maximum  shear  strength  decreased  by  7%,  5%  and  34%,  respectively.  The  average  shear 
strength  decreased  by  11%,  31%  and  40%  for  specimens  exposed  to  95%  relative  humidity  at 
80°C  for  a  day,  3  days  and  7  days,  respectively.  Compared  to  unexposed  specimens,  the  load 
corresponding  to  yield  point  is  reduced  for  specimens  exposed  to  95%  relative  humidity  at  50°C, 
60°C  and  80°C  for  various  times.  The  adhesive  is  increasingly  plasticisized  as  the  exposure  time 
is  increased  at  any  given  temperature. 

Figure  4.7  shows  the  photographs  of  failure  surfaces  of  representative  specimens  exposed  to  95% 
relative  humidity  at  50°C  for  various  times.  The  visual  inspection  of  failure  surfaces  revealed  that 
the  failure  mode  becomes  increasingly  interfacial  (bond  fails  at  the  adhesive/metal  interface)  as 
the  exposure  time  is  increased.  Interfacial  failure  is  observed  around  the  edges  of  the  bonded 
region,  which  moves  towards  the  center  of  the  bonded  region  as  the  exposure  time  is  increased. 
The  interfacial  failure  pattern  is  obvious  since  moisture  enters  from  all  four  sides  of  the  bonded 
region  and  diffuses  towards  the  center  of  the  bonded  region,  and  with  time,  moisture  eventually 
reaches  the  adhesive/metal  interface  and  degrades  the  oxide  layer  at  the  interface.  A  similar 
failure  pattern  was  observed  for  DNS  specimens  exposed  to  95%  relative  humidity  at  60°C  and 
80°C.  However,  the  interfacial  (metal/adhesive)  degradation  process  is  accelerated  at  higher 
temperatures. 

Specimens  that  were  exposed  to  95%  relative  humidity  for  14  days  at  50°C  regains  a  part  of  the 
lost  strength  when  they  were  vacuum  dried  prior  to  mechanical  testing,  see  Figure  4.4.  The 
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specimens  that  were  exposed  to  95%  relative  humidity  at  80°C  for  14  days  and  vacuum  dried 
prior  to  mechanical  testing  exhibited  the  similar  behavior.  The  result  suggests  that  only  a  part  of 
the  strength  could  be  recovered  by  drying  the  specimen.  The  unrecoverable  strength  could  be  due 
to  a  permanent  degradation  of  the  adhesive/metal  interface. 

4.3.3  Wedge  Test  Results  for  FM73U/aluininum  Joints 

Figure  4.8  shows  the  average  crack  length  as  a  function  of  exposure  time  for  specimens  exposed 
to  95%  relative  humidity  at  40°C,  50°C,  60°C,  70°C  and  80°C.  The  initial  crack  length  upon 
wedge  insertion  is  about  43.2  mm  for  all  wedge  specimens.  The  crack  propagation  for  wedge 
specimens  exposed  to  various  temperatures  at  95%  relative  humidity  follows  the  order: 
80°C>70°C>60°C>50°C>40°C.  The  average  crack  growth  is  less  than  2.5  mm  for  wedge 
specimens  kept  in  desiccator  (relative  humidity  <  15%)  at  room  temperature  for  about  400  hours. 
The  visual  examination  of  failure  surfaces  of  debonded  wedge  specimens  revealed  that  the  failure 
is  within  the  adhesive  for  specimens  exposed  to  a  low  humidity  atmosphere  (<15%  relative 
humidity)  in  the  desiccator  at  20°C.  The  failure  mode  due  to  environmental  exposure  to  95% 
relative  humidity  becomes  increasingly  interfacial  as  the  exposure  temperature  is  increased  from 
40°C  to  80°C. 


The  average  crack  length  as  a  function  of  exposure  time  for  specimens  exposed  to  boiling  water  is 
shown  in  Figure  4.9.  The  average  crack  length  is  45.7  mm  for  wedge  specimens  exposed  to 
boiling  water  for  about  18  hours.  A  relatively  higher  crack  growth  for  specimens  exposed  to 
boiling  water  is  not  surprising  since  a  hot-wet  environment  is  considered  to  be  one  of  the  harshest 
conditions  for  adhesively  bonded  joints.  The  failure  mode  was  largely  cohesive  within  the 
adhesive  (visual  inspection  only). 
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Since  the  average  crack  growth  for  specimens  exposed  to  95%  relative  humidity  at  various 
temperatures  is  much  smaller  than  for  specimens  exposed  to  boiling  water  for  an  equivalent  time, 
the  mechanism  of  bond  degradation  could  be  different  in  two  cases  or  the  degradation  process  is 
simply  accelerated  in  boiling  water.  The  stresses,  mechanical  and/or  environmental,  that  an 
adhesively  bonded  joint  experiences  during  environmental  exposure,  in  general,  accelerates  the 
bond  degradation  processes.  For  example,  the  hydrolysis  of  epoxies  by  water  was  observed  for 
stressed  bonded  joints  exposed  to  80°C,  but  unstressed  joints  were  unaffected  for  up  to  3  months 
[5,6].  The  presence  of  stresses  in  bonded  joint  lowers  the  activation  energy  for  breaking  chemical 
bonds  in  the  polymers  and/or  chemical  bonds  between  polymer  and  metal  oxides,  and  thus  a 
bonded  joint  becomes  susceptible  to  environmental  attacks  [7,8]. 

4.3.4  Wedge  Test  Results  for  Model  Epoxy/aluminum  Joints 

Figure  4.10  shows  the  average  crack  length  as  a  function  of  exposure  time  for  specimens  exposed 
to  95%  relative  humidity  at  60°C  and  80°C,  and  for  specimens  exposed  to  <15%  relative  humidity 
(in  desiccator)  at  room  temperature  (20°C).  The  initial  crack  length  upon  wedge  insertion  is  86.5 
nun,  86.1  mm  and  84.5  mm  for  specimens  exposed  to  20°C,  60°C  and  80°C,  respectively. 
However,  no  significant  crack  propagation  was  observed  for  specimens  exposed  to  20°C/15%  RH 
and  60°C/95%  RH  for  more  than  500  hrs  and  for  specimens  exposed  to  80°C/95%  RH  for  about 
280  hrs.  The  wedge  test  result  thus  suggests  that  no  significant  deterioration  of  bonded  joints 
have  occurred  as  a  result  of  hygrothermal  environmental  exposure.  The  post  failure  examination 
of  failed  bonded  joints  revealed  that  for  each  exposure  condition  the  failure  is  entirely  within  the 
adhesive  (cohesive  failure).  This  is  in  sharp  contrast  to  FM-73U/aluminum  bonded  joints,  where 
increasingly  interfacial  failure  was  observed  for  wedge  specimens  exposed  to  95%  relative 
humidity  as  the  exposure  temperature  was  increased  from  40°C  to  80°C.  This  result  suggests  that 
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the  model  epoxy  is  comparatively  a  better  moisture  resistant  adhesive  system  than  a  commercial 
epoxy  adhesive,  FM-73U  epoxy.  This  is  understandable,  since  FM-73U  adhesive  contains  a 
variety  of  fillers  and  additives  that  could  make  it  less  moisture  resistant. 

4.3.5  DNS  Test  Results  for  Model  Epoxy/aluminum  Joints 

Figure  4.11  shows  a  representative  load  versus  stroke  data  for  DNS  specimens  exposed  to  95% 
relative  humidity  for  3  days,  7  days  and  10  days.  A  representative  load  versus  stroke  data  for  an 
unexposed  specimen  is  also  included  in  the  figure  for  comparison  purposes.  The  shear  strength  as 
a  function  of  exposure  time  is  summarized  in  Table  4.3.  The  standard  deviations  from  the 
average  values  are  given  at  95%  confidence  limit.  The  average  shear  strength  value  for  a  control 
specimen  (no-exposure  specimen)  is  64.7  ±  2.0  MPa.  The  average  shear  strength  values  for 
specimens  exposed  to  95%  relative  humidity  at  60°C  for  3  days,  7  days  and  10  days  are  63.3  ± 
0.8,  60.5  ±  1.5  and  59.7  ±  2.0  MPa.  The  visual  inspection  of  failure  surfaces  of  model 
epoxy/aluminum  DNS  specimens  revealed  that  the  bonded  joints  failed  within  the  adhesive 
(cohesive  failure).  For  model  epoxy/aluminum  DNS  specimens  exposed  to  95%  relative  humidity 
at  60°C  for  various  times  the  decrease  in  shear  strength  values  with  exposure  time  is  not  large 
compared  to  FM-73U/aluminum  system  under  a  similar  exposure  condition.  This  could  be  due  to 
the  fact  that  the  model  epoxy  adhesive  is  comparatively  more  moisture  resistant  than  the  FM-73U 
adhesive. 

4.3.6  Mechanical  strength  -  Dielectric  Relaxation  Data  Correlation 

Since  DRS  studies  and  mechanical  tests  were  performed  on  two  different  test  specimens  having 
different  specimen  geometry  and  bondline  thickness,  a  methodology  was  developed  to  normaUze 
the  data  so  that  DRS  data  could  be  correlated  to  mechanical  test  data.  First,  the  dielectric 
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relaxation  strength,  measured  at  any  given  temperature,  was  calculated  from  the  DRS  test  data  for 
various  exposure  time  for  a  given  humidity/temperature  exposure  condition.  The  relaxation 
strength  was  then  plotted  against  the  square  root  of  exposure  time  divided  by  the  adhesive 
bondline  thickness  to  obtain  a  calibration  line.  The  test  data  was  normalized  with  respect  to 
bondline  thickness  to  take  into  account  the  different  bondline  thickness  used  in  DRS  and 
mechanical  tests.  From  calibration  plot  (relaxation  strength  versus  exposure  time  plot),  the 
relaxation  strength  values  were  estimated  for  those  exposure-time  for  which  corresponding  shear 
strength  (mechanical  test)  data  was  obtained.  The  estimated  relaxation  strength  was  then 
correlated  with  the  shear  strength  data  for  the  corresponding  exposure  condition.  A  similar 
correlation  was  also  made  between  dielectric  loss  maximum  and  shear  strength. 

The  dielectric  loss  maximum  and  relaxation  strength  (measured  at  10°C  and  50°C)  versus 
exposure  time  plots  for  model  epoxy/aluminum  DRS  specimens  exposed  to  98%  relative  humidity 
at  60°C  are  shown  in  Figures  4.12  and  4.13.  A  linear  relationship  was  obtained.  The  shear 
strength  as  a  function  of  dielectric  relaxation  strength  (measured  at  10°C  and  50°C)  for  model 
epoxy/aluminum  bonded  joints  exposed  to  60°C/95%  relative  humidity  is  shown  in  figure  4.14. 
Figure  4.15  shows  the  plot  of  shear  strength  as  a  function  of  dielectric  loss  max.  (measured  at 
10°C  and  50°C)  for  model  epoxy/aluminum  bonded  joints  exposed  to  60°C/95%  relative 
humidity.  A  reasonably  good  linear  relationship  was  observed  between  shear  strength  and 
dielectric  loss  max.  data,  and  between  shear  strength  and  relaxation  strength  data.  Since,  for 
model  epxoy/aluminum  system  the  failure  was  entirely  within  the  adhesive  for  specimens  exposed 
to  60°C  at  95%  relative  humidity  the  correlation  between  mechanical  test  data  and  DRS  test  data 
is  meaningful.  A  good  correlation  between  measured  shear  strength  and  dielectric  properties  (loss 
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maximum  and  relaxation  strength)  would  thus  suggest  that  DRS  could  be  potentially  used  as  a 
NDI  technique  to  monitor  the  integrity  of  adhesively  bonded  joints. 

Figures  4.16  shows  a  linear  plot  of  dielectric  loss  maximum  as  a  function  of  exposure  time  for 
FM-73U/aluminum  bonded  joints  after  exposure  to  60°C/95%  relative  humidity.  The  dielectric 
loss  maximum  was  measured  at  50°C.  The  shear  strength  versus  dielectric  loss  maximum  plot  for 
FM-73U/aluminum  bonded  joints  exposed  to  60°C/95%  relative  humidity  is  shown  in  figure  4.17. 
Although,  for  Fiyi-73U/aluminum  bonded  joints  exposed  to  60°C/95%  relative  humidity  the  bond 
failure  was  not  entirely  within  the  adhesive,  the  mechanical  test  data  correlated  reasonably  well 
with  DRS  data. 

4.4  CONCLUSIONS 

The  shear  strength  of  FM-73U/aluminum  joints  decreases  with  an  increase  in  exposure  time  at 
95%  relative  humidity  at  constant  temperatures.  The  bonded  DNS  joint  fails  increasingly  in  the 
metal/adhesive  interface  as  the  exposure  temperature  and  duration  is  increased  for  FM- 
73U/aluminum  bonded  joints.  The  wedge  test  result  shows  that  the  durabihty  of  FM- 
73U/aluminum  bonded  joint  decreases  with  the  increase  in  temperature.  The  durability  of  FM- 
73U/aluminum  joints  in  95%  relative  humidity  at  various  temperatures  follows  the  order:  40°C  > 
50°C  >  60°C  >  80°C.  Boiling  water  was  the  most  aggressive  environment  among  all 
environments  tested  for  bond  durability.  The  wedge  test  and  shear  strength  data  for  model 
epoxy/aluminum  bonded  joints  suggests  that  the  model  epoxy  is  a  better  moisture  resistant 
adhesive  than  the  commercial  FM-73U  epoxy. 
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A  reasonably  good  correlation  between  measured  shear  strength  data  and  measured  dielectric 
response  was  observed  for  model  epoxy/aluminum  joints  and  FM-73U/aluminum  joints. 
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Approx.  Atom  % 


Table  4.1.  XPS  analysis  results  of  a  PAA  treated  non-bonded  aluminum  surface. 


Element 

Concentration  (atomic  %) 

Binding  Energy,  eV 

Carbon 

22.5 

285.0  (C  Is) 

Oxygen 

48.8 

531.7  (O  Is) 

Aluminum 

26.6 

74.4  (Al  2p) 

Phosphorous 

2.2 

134.0  (P2p) 

11/19/90  Adtech  PAA  Al  AES  depth  profile  (3  keV  Ar+) 


6  8  10  12  14  16 

Sputter  Tinrio  (min) 


Figure  4.1.  AES  depth-profile  of  a  PAA  treated  non-bonded  aluminum  surface. 
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Figure  4.3. 


Load  verCTUs  stroke  trace  for  bonded  (no-exposure)  DNS  specimen. 
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Figure  4.4.  Load  versus  stroke  data  for  DNS  specimens  exposed  to  95%  relative  humidity 
at  50°C  for  various  times. 


1  day 


Figure  4.5.  Load  versus  stroke  data  for  DNS  specimens  exposed  to  95%  relative  humidity 
at  60°C  for  various  times. 
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No  Exposure 


Load  . stroke  data  for  DNS  specimens  exposed  to  95%  relative  humidity 

at  go®*"" - °C  for  various  times. 


Shear  - -  -r-!»rfrengfhs  (MPa)  as  a  function  of  exposure  time  in  various 

j  I  II  -  1  iiwrafiirp/hiimidity  environments  for  FM-73U/Aluminum  DNS  bonded 
joints.  . . .  Standard  deviations  are  given  at  95%  confidence  limit. 


osure,  ac - : - 

nays  50®C/95%R.H. 

60°C/95%R.H. 

80°C/95%R.H. 

No  Exposure 

1 

68.0  +  2.3 

66.6  ±2.1 

57.3  ±0.7 

64.0  ±3.0 

3 

53.1  ±3.5 

59.5  ±2.7 

44.2  ±  3.8 

7 

58.7  ±5.7 

61.0  ±5.8 

38.4  ±1.4 

14 

41.3  ±7.3 

42.2  ±12.3 

14  (dry.) 

50.6  ±2.1 

52.6  ±  7.6 
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Figure  4.7.  Photographs  of  failure  surfaces  of  DNS  specimens  exposed  to  95%  relative 
humidity  at  50°C  for  (a)  1  day,  (b)  3  days,  (c)  7  days  and  (d)  14  days. 

O40°C  OSO^C  A60°C  X70°C  X80°C 


0  100  200  300  400 

Exposure  Time  (hours) 

Figure  4.8.  Wedge  test  crack  length  vs.  exposure  time  for  FM73U/aluminum  bonded 
specimens  exposed  to  95%  relative  humidity  at  40°C,  50°C,  60°C  and  80°C. 
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Figure  4.9.  Wedge  test  crack  length  vs.  exposure  time  for  FM73U/aluminum  bonded 
specimens  exposed  to  boiling  water. 
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Figure  4.10.  Wedge  test  crack  length  vs.  exposure  time  for  model  epoxy/aluminum  bonded 
specimens  exposed  to  (a)  <15%  relative  humidity  at  24°C  in  desiccator,  (b) 
95%  relative  humidity  at  60°C  and  (c)  95%  relative  humidity  at  80°C. 
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Figure  4.11.  Load  versus  stroke  data  for  model  epoxy/aluminum  DNS  specimens  exposed 
to  95%  relative  humidity  at  60°C  for  various  times. 


Table  4.3.  Shear  strengths  (MPa)  for  model  epxoy/aluminum  DNS  bonded  joints  exposed 
to  95%  relative  humidity  at  60°C  for  various  times.  Standard  deviations  are 
given  at  95%  confidence  limit. 


Exposure,  days 

Shear  Strength  (MPa) 

No  exposure 

64.7  +  2.0 

3 

63.3  +  0.8 

7 

60.5  +  1.6 

10 

59.7  ±2.0 
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X  10°C  O  50°C - Linear  (50°C) - Linear  (10°C) 


Figure  4.12.  Dielectric  loss  maximuin  as  a  function  of  exposure  time  (t)  for  cured  model 
epoxy  after  exposure  to  60°C  at  95%  relative  humidity.  Dielectric  loss 
maximum  was  measured  at  10°C  (X)  and  50°C  (o).  Straight  lines  are  the 
least-squares  fits  from  the  regression  analyses. 


X  10°c  O  50°C - Linear  (10°C) - Linear  (50°C) 


Figure  4.13.  Relaxation  strength  as  a  function  of  exposure  time  (t)  for  cured  model  epoxy 
after  exposure  to  60°C  at  95%  relative  humidity.  Relaxation  strength  was 
measured  at  10°C  (X)  and  50°C  (o).  Straight  lines  are  the  least-squares  fits 
from  the  regression  analyses. 
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4.  SheBBBSKBSBssamear  ctn  i  jngth  as  a  function  of  dielectric  relaxation  strength,  measured  at 
^ a.  50°C  (o),  for  model  epoxy/aluminum  bonded  joints  exposed  to 

60°trT--— ^^^0°C/95%  - — ablative  humidity  for  various  times.  Straight  lines  are  the  least- 

squaHBi^M^Huiares  fiiv - -sfrom  the  regression  analyses. 
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,5.  Shi-  . . - . . . - . .^hPiir  cti  I  ■  -^gth  as  a  function  of  dielectric  loss  max.,  measured  at  10°C  (X)  and 

50°“-  -  - - -"^0°C  (o).  for  model  epoxy/aluminum  bonded  joints  exposed  to  60°C/95% 

rpi ..  .  u.  .■u.,..,.piativp  h-  iiiiiTnidity  for  various  times.  Straight  lines  are  the  least-squares  fits 
fro; . . Ii'nm  the  r^=^agression  analyses. 
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t(min)'^0.5/thickness  (mm) 

Figure  4.16.  Dielectric  loss  maximum  as  a  function  of  exposure  time  (t)  for  cured  FM-73U 
adhesive  after  exposure  to  60°C  at  95%  relative  humidity.  Dielectric  loss 
maximum  was  measured  at  50°C  (X).  Straight  line  is  the  least-squares  fits 
from  the  regression  analysis. 
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Figure  4.17.  Shear  strength  as  a  function  of  dielectric  loss  max.,  measured  at  50°C  (X),  for 
FM-73U/aluminum  bonded  joints  exposed  to  60°C/95%  relative  humidity  for 
various  times.  Straight  line  is  the  least-squares  fits  from  the  regression 
analysis. 
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5.0  FINITE  ELEMENT  ANALYSIS  OF  DOUBLE  NOTCH  SHEAR  TEST  SPECIMENS 
The  mechanical  properties  of  the  adherend  and  adhesive  must  be  known  before  a  mathematical 
analysis  of  a  joint  geometry  could  be  carried  out  to  deduce  the  strength  and  nature  of  the  stresses 
present  in  a  joint.  The  mechanical  properties  of  bonded  joints  are  influenced  not  only  by  the  test 
environments  in  which  they  are  exposed  but  also  by  the  stress  concentrations  arising  due  to 
geometrical  features  of  the  joints  such  as  bondline  thickness  and  the  condition  of  the  free  edges 
of  the  adhesive  layer. 


An  elastic  finite-element  method  was  used  to  analyze  the  stress  distribution  in  DNS  specimens 
having  a  bond  line  thickness  of  5  mils  and  10  mils.  The  effect  of  bond  line  thickness  on  the 
stress  distribution  along  the  bond  overlap  was  analyzed.  The  influence  of  adhesive  material 
present  beyond  the  bonded  region  in  the  form  of  a  spew  or  continuous  film  on  the  stress 
distribution  along  the  bond  overlap  was  also  analyzed.  The  SDRC I-DEAS  software  was  used  to 
perform  the  finite  element  analysis.  The  geometry  of  the  DNS  test  specimen  is  shown  in  Figure 
5.1 .  The  material  properties  used  in  the  analysis  are  listed  below: 


Adherend:  Aluminum  2024  T3 
Young’s  modulus: 
Poisson’s  ratio: 
Adhesive:  FM-73U  epoxy 

Young’s  modulus: 
Poisson’s  ratio: 


10.5x10®  psi 
0.33 


0.337x10®  psi 
0.40 
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The  adhesively  bonded  DNS  test  specimen  was  modeled  using  4560  three-dimensional  parabolic 
brick  elements.  The  bond  hne  was  modeled  as  four  layers  at  the  bond  overlap.  Finer  mesh  was 
used  near  the  free  edges  of  the  overlap.  The  boundary  conditions  used  in  the  analysis  are  as 
follows: 

•  The  end  face  at  one  end  of  the  specimen  was  fixed  in  all  directions 

•  The  specimen  was  loaded  in  compression  along  its  length.  This  was  achieved  by 
applying  a  constant  pressure  on  the  free  end  face  of  the  specimen.  The  value  of  the 
pressure  was  such  that  the  average  shear  stress  in  the  overlap  area  equaled  1  psi. 

•  The  specimen  was  prevented  from  moving  in  the  transverse  direction  (perpendicular  to 
the  overlap  area)  by  restraining  the  top  and  bottom  free  surfaces  of  the  adherends. 

The  finite  element  mesh  and  the  boundary  conditions  used  are  shown  in  Figure  5.2.  A  three- 
dimensional  contour  plot  of  the  shear  stress  distribution  in  the  overlap  areas  is  shown  in  Figure 
5.3.  The  effect  of  bond  line  thickness  on  the  stress  distribution  along  the  overlap  is  shown  in 
Figure  5.4.  The  thinner  bond  line  (5  mil)  gives  a  wider  stress  distribution  along  the  overlap  than 
the  thicker  bond  line  (10  mil).  The  peak  stress  close  to  the  free  edges  is  higher  and  the  minimum 
stress  at  the  middle  is  lower  for  the  thinner  bond  hne. 

While  the  ideal  specimen  is  expected  to  have  square  adhesive  layer  edges,  some  amount  of 
adhesive  remains  on  the  specimen  beyond  the  edges  of  the  overlap.  To  evaluate  the  effect  of  this 
residual  adhesive,  the  adhesive  layer  was  modeled  as  a  continuous  layer  of  constant  thickness 
throughout  the  length  of  the  specimen.  A  schematic  of  DNS  test  specimens  having  an  ideal 
square  edge  adhesive  layer  and  a  continuous  adhesive  layer  are  shown  in  Figure  5.5.  The  effect 
of  the  continuation  of  the  adhesive  layer  beyond  the  overlap  on  stress  is  shown  in  Figure  5.6.  It 
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is  seen  that  the  continuous  layer  reduces  the  peak  stresses  near  the  overlap  edges  compared  to  the 
square  edge  layer.  The  normahzed  shear  stress  along  the  complete  overlap  is  lower  for  the 
continuous  layer  than  the  square  edge  layer.  As  the  adhesive  layer  of  the  actual  DNS  test 
specimen  is  not  totally  continuous  across  the  notches  and  not  totally  square,  its  stress  distribution 
is  expected  to  lie  between  these  two  curves. 

A  two-dimensional  contour  plot  of  the  maximum  principal  stress  distribution  in  the  overlap  area 
is  shown  in  Figure  5.7.  To  show  the  maximum  principal  stress  distribution  along  the  bond 
overlap  and  thickness  of  the  adhesive,  the  maximum  principal  stress  is  plotted  as  a  function  of 
bond  overlap  for  the  top,  middle  and  bottom  adhesive  layers,  see  Figure  5.8.  For  the  bottom 
adhesive  layer  it  is  seen  that  the  maximum  principal  stress  peaks  at  the  left  edge  and  drops  to 
negative  value  (compressive)  at  the  right  edge.  The  pattern  is  reversed  for  the  top  adhesive  layer, 
while  it  is  symmetric  for  the  middle.  The  finite  element  analysis  result  shows  that  the 
adhesive/adherend  interface  at  the  free  edge  of  the  adherend  is  subjected  to  the  largest  maximum 
principal  stress.  As  a  result,  failure  of  the  joint  is  expected  to  initiate  at  the  adhesive/adherend 
interface  near  the  free  edge  of  the  adherend. 

The  visual  observations  of  the  failure  surfaces  of  an  unexposed  FM-73U/aluminum  DNS 
specimen  are  consistent  with  the  results  obtained  above  from  the  finite  element  analysis  of  a 
bonded  joint.  The  unexposed  DNS  specimen  fails  cohesively  within  the  adhesive  except  in  the 
area  near  the  free  edge  of  the  adherends,  see  Figure  5.9.  The  bonded  joint  fails  at  the 
adherend/adhesive  interface  (interfacial  failure)  along  the  free  edge  of  the  adherends  on  both 
sides  of  the  failure  surfaces. 
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Figure  5.1.  Geometry  of  DNS  specimen 
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Figure  5.2.  Boundary  Conditions  for  a  DNS  specimen. 


Figure  5.3.  Three-dimensional  contour  plot  of  shear  stress  distribution  in  the  overlap 
regions. 
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Figure  5.4.  The  influence  of  bond  line  thickness  on  the  stress  distribution  along  the 

bonded  joint  overlap. 


(b)  Continuous  Adhesive  Layer 

Figure  5.5.  A  schematic  of  DNS  test  geometry  in  the  overlap  region  with:  (a)  square  edge 
adhesive  layer  and  (b)  Continuous  adhesive  layer. 
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Figure  5.6.  Stress^  distribution  proffiie  in  the  bond  overlap  region  for  a  square  edge 
adhesive  layer  and  comtinuous  adhesive  layer  in  DNS  specimens. 


Figure  5.7.  Two-dimensional  comtour  plot  of  maximum  principal  stress  distribution  in 

the  overlap  region  of  a^aDNS  specimen. 
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The  maximum  principal  stress  distribution  is  plotted  as 
overlap  for  the  top,  middle  and  bottom  adhesive  layers. 


a  function  of  bond 


specimens 
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Summary 

Molecular  aspects  of  chemical  and  physical  changes  in  adhesively  bonded  joints  caused  by 
absorbed  moisture  were  investigated.  The  focus  was  on  the  pre-damage  stage  that  precedes  the 
formation  of  voids  and  microcracks.  Dielectric  relaxation  spectroscopy  was  used  as  a  non¬ 
destructive  tool  to  characterize  the  molecular  level  changes  in  the  adhesive  when  exposed  to 
hygrothermal  environments.  Three  adhesive  types,  a  commercial  epoxy-amine  formulation 
(FM73U),  a  model  epoxy  formulation  consisting  of  diglycidyl  ether  of  Bisphenol  A  (DGEBA) 
and  methylene  dianiline  (MDA),  and  a  bismaleimide  formulation  consisting  of  4,4’ 
bismaleimidodiphenyl  methane  (component  A)  and  0,0’  diallyl  bisphenol  A  (component  B)  were 
studied.  Local  dynamics  were  monitored  by  broad-band  dielectric  relaxation  spectroscopy 
(DRS)  and  the  changes  in  the  chemical  state  of  the  matter  were  monitored  by  FTIR.  For  epoxy¬ 
amine  formulations,  the  result  suggests  that  one  portion  of  the  absorbed  water  does  not  form 
hydrogen  bonds  with  the  network  and  gives  rise  to  a  fast  relaxation  process  (termed  y)  with 
activation  energy  of  28  kJ/mol.  The  local  p  dynamics  are  slowed  down  by  the  interactions 
between  water  and  various  sites  on  the  network  that  include  the  ether  oxygen,  the  hydroxyl  group 
and  the  tertiary  amine  nitrogen.  For  bismaleimide  adhesive  system,  absorbed  water  interacts 
with  the  BMI  network  and  gives  rise  to  a  fast  relaxation  process  (termed  y*),  characterized  by  an 
increase  in  the  dielectric  relaxation  strength,  an  Arrhenius  temperature  dependence  of  the 
average  relaxation  time  and  an  activation  energy  of  50  kJ/mol.  The  y*  dynamics  are  slower  than 
the  relaxation  of  bulk  liquid  water  because  of  the  interactions  between  the  absorbed  water  and 
various  sites  on  the  network  (the  ether  oxygen,  the  hydroxyl  group,  the  carbonyl  group  and  the 
tertiary  amine  nitrogen).  Also,  FTIR  spectra  reveal  the  presence  of  non  hydrogen-bonded  water 
and  hydrogen-bonded  water;  the  latter  bonded  to  one  and/or  two  sites  on  the  BMI  network. 
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One  particularly  significant  finding  is  that  the  average  relaxation  time  for  the  P  process  (in 
epoxy-amine  formulations)  and  y*  process  (in  bismaleimide  forrnulation)  above  20®C  is  of  the 
order  of  nanoseconds  or  less,  and  hence  its  detection  hinges  on  the  ability  to  perform  high 
precision  DRS  at  frequencies  above  1  MHz.  This  is  an  important  consideration  in  the  ongoing 
efforts  aimed  at  the  implementation  of  DRS  as  non-destructive  inspection  (NDI)  tool  for 
adhesive  joints. 

The  influence  of  moisture  on  the  strength  and  durability  of  adhesively  bonded  joints  has  been 
studied.  Adhesively  bonded  specimens  in  double  notch  shear  (DNS)  and  wedge  test 
configurations  were  exposed  to  various  temperatures  at  95%  relative  humidity  for  various  times 
in  an  environmental  chamber.  The  wedge  test  specimen  was  periodically  removed  from  the  test 
chamber  and  crack  length  was  measured  and  recorded  as  a  function  of  time.  At  the  end  of  the 
environmental  conditioning,  the  DNS  specimen  was  subjected  to  axial  compression  load  to 
determine  the  shear  strength.  The  main  finding  is  that  the  shear  strength  decreases  with  the 
increase  in  duration  of  the  exposure  time  at  constant  temperature.  The  FM-73U/aluniinum 
bonded  joint  fails  increasingly  in  the  metal/adhesive  interface  (interfacial  failure)  as  the  exposure 
temperature  and  duration  is  increased.  The  interfacial  failure  starts  along  the  edge  of  the  bonded 
DNS  specimen  and  move  towards  the  center  of  the  bonded  area  as  the  exposure  temperature  and 
duration  is  increased.  The  durability  of  FM-73U/aluminum  bonded  joints  decreases  with  the 
increase  in  temperature.  The  durability  of  FM-73U/aluminum  joints  in  95%  relative  humidity  at 
various  temperatures  follows  the  order:  40°C  >  50°C  >  60°C  >  80°C.  The  wedge  test  and  shear 
strength  data  for  model  epoxy/aluminum  bonded  joints  suggests  that  the  model  epoxy  is  a  better 
moisture  resistant  adhesive  than  the  commercial  FM-73U  epoxy. 


115 


A  reasonably  good  correlation  between  measured  shear  strength  data  and  measured  dielectric 
response  was  observed  for  model  epoxy/aluminum  joints  and  FM-73U/aluminum  joints. 
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